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1.  INTRODUCTION 


This  is  the  final  report  on  a  two  year  project  entitled  "Surface 
Production  of  Ions".  The  work  is  a  continuation  of  the  identically 
named  three  year  project  AF0SR-86-0299  the  major  contributions  of  which 
had  been  in  the  area  of  surface  production  of  negative  hydrogen  ions 
and  positive  cesium  ions. 

We  have  discovered  that  negative  hydrogen  ions  can  be  produced  with 
high  efficiency  (>  10%)  by  backseat tering  low  energy  (>  leV)  hydrogen 
atoms  or  ions  from  low  work  function  (1  to  2eV)  solid  surfaces.  The 
significance  of  this  mechanism  for  the  design  of  high  brightness 
negative  hydrogen  sources  lies  in  the  fact  that  low  incident  energy 
eliminates  sputtering  of  the  converter  surface.  This  makes  it  possible 
to  use  new  converter  materials.  Alkali  oxides  and  alkali  earth  oxides 
are  particularly  attractive  because  of  their  low  work  function  and  much 
lower  vapor  pressure  than  the  vapor  pressure  of  the  corresponding 
metals . 

In  the  area  of  cesium  ion  production,  our  contribution  was  in  the 
development  of  cesium  ion  guns  providing  ions  in  the  energy  range  from 
20  eV  to  5  keV.  These  guns  are  based  on  a  novel  solid  source  of  cesium 
ions  which  was  developed  previously  with  the  support  of  the  State  of 
New  Jersey. 

Under  the  present  grant  we  have  continued  the  search  for  an  "ideal" 
converter  surface  which  provides  efficient  surface  production  of 
negative  hydrogen  ions  at  low  energy  and  is  chemically  stable  in  a  flux 
of  impinging  hydrogen  atoms.  We  have  evaluated  the  performance  of 
several  converter  surfaces  by  measuring  the  yield  of  negative  hydrogen 
ions  produced  by  backscattering  hydrogen  atoms  from  the  converter 
surface.  The  primary  incident  hydrogen  flux  was  produced  by  the 
following  three  techniques: 

a)  Thermal  dissociation  of  hydrogen  gas  in  a  tungsten  oven  (T=0.2  eV), 

b)  Electron  impact  dissociation  of  hydrogen  gas  in  a  discharge  (T=5eV) 

c)  Deceleration  of  a  proton  beam  to  low  energies  (5  to  50eV). 

The  major  contribution  of  this  work  has  been  the  demonstration  of  the 
feasibility  of  a  nev  surface  source  of  negative  hydrogen  ions  based  on 
the  following  concept:  super thermal  hydrogen  atoms,  produced  in  a 
microwave  discharge,  are  guided  on  the  surface  of  an  external 
converter,  coated  with  cesium  oxide,  where  they  are  converted  into  H~ 
ions  and  extracted  as  a  high-brightness  beam.  It  is  unfortunate  that 
there  is  no  funding  to  build  such  a  source. 


We  have  also  made  progress  in  the  development  of  cesium  ion  guns  and  in  [j? 
application  of  cesium  ion  beams.  In  the  course  of  this  work  we  have  □ 
published  or  submitted  for  publication  nine  papers  listed  in  Section  7  □ 
and  attached  to  this  report.  _ 
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2.  STUDIES  OF  CONVERTER  SURFACES 


Ve  have  studied  converter  surfaces  consisting  of  thick  films  of  cesium 
oxides  and  barium  oxides  1 1,2).  The  main  diagnostic  technique  consisted 
of  measuring  the  yield  of  negative  hydrogen  ions  produced  in 
backseat  ter ing  a  thermal  distribution  of  hydrogen  atoms  from  the 
converter  surface.  The  surface  electronic  structure  was  studied  with 
photoemission  spectroscopy  and  work  function  measurements.  Information 
on  the  chemical  composition  was  obtained  by  Auger  electron 
spectroscopy,  photoelectron  spectroscopy  and  by  thermal  desorption 
spectroscopy. 

The  main  result  of  this  work  was  the  development  of  a  cesium  oxide 
converter  vith  properties  approaching  the  requirements  of  an  "i^eaf" 
converter  surface.  The  main  features  of  the  converter  are  as  follows: 

a)  The  converter  is  produced  by  in-si tu  decomposition  of  cesium 
carbonate  in  vacuum  or  in  hydrogen  atmosphere  and  collecting  the 
products  of  decomposition  on  a  molybdenum  substrate. 

b)  The  converter  is  a  mixture  of  cesium  oxide,  CSjO,  and  cesium 
peroxide,  Cs  deposited  in  a  film  typically  1  micron  thick  on  the 
Mo  substrate. 2  , 

c)  The  work  function  of  the  converter  surface  reaches  a  minimum  value 
of  1.1  eV  to  1.4  eV  at  a  temperature  of  450  K. 

d)  The  converter  has  the  best  H  yield  of  any  converter  surface  so  far 
investigated  (including  cesiated  Mo).  Scattering  of  hydrogen  atoms  with 
maxwellian  distribution  of  2670  K  (0.23  eV)  temperature  gives  an  H“ 
yield  of  1.6  %.  This  fraction  corresponnds  to  all  atoms  with  incident 
energy  greater  than  1.45  eV. 

e)  The  converter  is  remarkably  stable  and  reproducible.  The  extracted 
H  current  remained  steady  for  at  least^O  hours  of  cumulative  exposure 
to  atomic  hydrogen  at  a  flux  of  10  hydrogen  atoms/cm  sec  in  the 
course  of  3  days  of  testing.  The  converter  did  not  show  any 
deterioration  at  the  end  of  the  three  day  test  run.  This  stability  is 
presumably  due  to  the  stability  and  low  vapor  pressure  of  cesium  oxides 
below  750  K. 


3.  DISCHARGE  SOURCE  OF  SUPERTHERMAL  HYDROGEN  ATOMS 

In  a  practically  interesting  H-  ion  source,  the  cesium  oxid|gConverter 
would  hgve  to  be  exposed  typically  to  a  hydrogen  flux  of  101  hydrogen 
atoms/cin  sec  of  a  temperature  larger  than  1  eV.  Reflection  of  this 
atomic  flux  from  the  converter  surface  would  produce  H  io^s  of  1  eV 
temperature  at  current  density  of  0.1  to  1  ampere  per  cm.  H~  ions 
could  be  extracted  from  this  "external"  converter  ( 1 ]  with  a  high 
voltage, „10  to  100  kV,  so  that  the  brightness  of  the  source  could  reach 
104  A/cin  str. 
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In  order  to  demonstrate  the  feasibility  of  surh  an  H  sonrre,  wo  have 
to  produce  a  flux  of  super  thermal  hydrogen  atoms  of  sufficient 
intensity  and  test  the  stability  of  the  cesium  oxide  converter  in  this 
flux.  Fortunately,  dissociation  of  hydrogen  molecules  by  electron 
impact  produces  hydrogen  atoms  with  a  minimum  energy  of  2.3  eV 
(Franck-Condon  process).  Consequently  one  can  obtain  a  flux  of  fast 
hydrogen  atoms  from  a  hot-electron  hydrogen  discharge  if  recombination 
and  cooling  by  wall  collisions  is  kept  small. 

We  have  built  a  microwave  ECR  discharge  driven  by  up  to  0.5  kW  of 
microwave  power  at  2.45  GHz  [71.  To  minimize  wall  recombination,  the 
discharge  is  operated  in  a  quartz  tube  provided  with  an  orifice  for 
effusion  of  the  hydrogen  atoms.  The  converter  is  located  outside  the 
discharge  ("external  converter"  (1]  ),  five  centimeters  from  the 
orifice.  Different  converter  surfaces  have  been  investigated:  pure 
molybdenum,  cesiated  molybdenum,  and  cesium  oxide.  The  flux  and  energy 
of  the  hydrogen  atoms  was  measured  by  negative  suface  ionization  of  the 
atoms  backseat tered  from  the  converter.  Maximum  H~  ion  current  density 
of  0.5  mA/cm  was  measured  at  the  cesium  oxide  coated  converter  for  420 
watts  of  microwave  power.  This  translates  into  an  H~  current  density  of 
200  mA/cm  for  a  converter  located  on  the  surface  of  the  quartz  tube^ 
The  corresponding  fast  hydrogen  atom  flux  density  is  about  1  A/cni 
equivalent.  This  has  been  achieved  in  CW  operation  in  a  small  plasma  ( 
2.5  cm  in  diameter  and  10  cm  long)  without  axial  confinement!  The 
measured  temperature  of  the  H~  ions  was  in  the  range  of  4  to  5  eV.  This 
work  has  opened  up  new  concepts  for  the  design  of  H  ion  sources. 


4.  MEASUREMENTS  OF  NEGATIVE  HYDROGEN  ION  YIELD 

We  have  completed  yield  measurements  on  backscattering  of  a  thermal 
distribution  of  hydrogen  atoms.  The  most  important  contribution  of  this 
technique  was  the  development  of  the  cesium  oxide  converter  described 
in  Section  2  and  in  papers  [1,2] .  This  technique  was  also  used  in 
studies  of  the  barium  oxide  and  cesiated  molybdenum  converters  [1,2]. 

We  have  started  experiments  on  backscattering  protons  and  molecular 
hydrogen  ions  in  the  energy  range  from  2  eV  to  50  eV  from  various 
converter  surfaces  (8).  This  work  is  of  fundamental  importance  because 
yield  measurements  have  never  been  done  in  this  energy  range.  These 
data  are  also  important  for  the  new  generation  of  surface  conversion 
sources. 

A  new  ultra  high  vacuum  chamber  was  constructed  with  the  partial  help 
of  the  DURIP  Grant  AF0SR-89-0195.  The  chamber  is  equipped  with  a  home 
built  hydrogen  ion  beam  line,  a  home  built  cesium  ion  gun  and  an  EXTREL 
quadrupole  mass  spectrometer  purchased  with  the  DURIP  funds.  The 
hydrogen  ion  beam  line  provides  a  practically  monoenergetic  beam  of 
either  protons  or  H-  or  ions  in  the  energy  range  of  2  to  50  eV 
[8].  This  beam  is  focused  onto  a  converter  surface.  The  scattered 
negative  ions  are  analyzed  with  the  quadrupole  mass  spectrometer.  The 
yield  of  negative  ions  was  measuredas  function  of  incident  energy  for 
different  converter  surfaces.  An  H  yield  of  0.15  was  measured  for  10 
eV  protons  backscattered  from  a  cesiated  silicon  substrate  (to  be 
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published).  Measurements  with  othert  substrates  are  in  progress. 


5.  THEORY  OP  RESONANT  CHARGE  TRANSFER  IN  SCATTERING  OP  HYDROGEN  ATOMS 
FROM  A  METAL  SURFACE 

Resonant  charge  transfer  occuring  at  the  reflection  of  a  hydrogen  atom 
from  a  metal  surface  has  been  investigated  theoretically  with  the 
objective  of  better  understanding  production  of  negative  hydrogen  ions 
at  low  (1  to  10  eV)  energies.  The  approach  departs  from  previous 
treatments  in  a  few  important  aspects.  No  wide  band  approximation  is 
made;  realistic  band  structures  and  surface  states  can  be  included.  No 
appriori  assumption  of  the  separability  of  the  coupling  matrix  element 
into  a  time  independent  and  time  dependent  part  is  made.  Finally,  the 
coupling  matrix  elements  are  explicitely  related  to  the  relevant 
potential  of  the  coupled  atom-metal  system  [6]. 


6.  CESIUM  ION  BEAMS 

We  have  developed  several  cesium  ion  guns  ( 3 , 9  j  that  had  been 
extensively  used  in  our  experimental  work  with  low  work  function 
surfaces.  The  guns  are  based  on  a  solid  state  cesium  ion  source 
dveloped  previously  (4). 

In  the  course  of  the  work  with  cesium  oxide  surfaces  we  have  found  that 
cesium  ion  bombardment  of  a  silicon  surface  in  the  presence  of  oxygen 
gas  very  significantly  enhances  the  oxidation  rate  of  silicon  at  room 
temperature  15].  The  enhancement  is  about  ten  times  larger  with  cesium 
than  with  xenon  bombardment  due  to  a  catalytic  effect  of  cesium.  A 
couple  of  follow-up  experiments  with  different  gases  have  indicated 
that  cesium  ion  beam  enhanced  chemical  vapor  deposition  could  be 
developed  into  a  new  technique  for  maskless  direct  write  litography.  We 
are  looking  for  a  sponsor  of  this  research.  The  surface  analytical 
chamber  in  which  this  work  was  done  is  being  upgraded  with  the 
installation  of  LEED  (  Low  Energy  Electron  Diffractometer)  and  STM  ( 
Scanning  Tunneling  Microscope  ).  Both  instruments  were  acquired  with 
the  DURIP  Grant  funding. 
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Presented  at  the  Sth  International  Symposium  on  the  Production  and 
Neutralization  of  Negative  Ions  and  Beams,  Brookhaven  National 
Laboratory,  Upton,  NY.  October  29,  1989. 


SURFACE  PRODUCTION  OF  NEGATIVE  HYDROGEN  IONS  BY 
REFLECTION  OF  HYDROGEN  ATOMS  FROM  CESIUM  OXIDE  SURFACES 

M.  Seidl,  S.T.  Melnychuk,  S.W.  Lee,  and  W.E.  Carr 
Department  of  Physics  and  Engineering  Physics 
Stevens  Institute  of  Technology,  Hoboken,  NJ  07030 


ABSTRACT 

Negative  hydrogen  ions  are  produced  by  backscattering  a  thermal 
distribution  of  hydrogen  atoms  from  a  converter  surface  coated  with  a  mixture  of 
cesium  oxides.  The  thick  film  of  cesium  oxide  is  produced  by  thermal 
decomposition  of  cesium  carbonate  and  subsequent  thermal  activation  aided  by 
atomic  hydrogen.  About  60%  of  atoms  with  energies  greater  than  1.5  eV  are 
reflected  as  negative  hydrogen  ions  for  a  temperature  of  0.22  eV  in  the  thermal 
distribution.  The  H*  ions  have  a  Maxwellian  parallel  energy  distribution  with  a 
temperature  equal  to  the  atomic  temperature.  Replacing  the  thermal  source  of 
hydrogen  atoms  with  a  discharge  source  results  in  H*  ions  of  1  eV  temperature 
and  100  times  lower  intensity. 

INTRODUCTION 

At  the  last  Brookhaven  meeting  we  reported  on  experiments  involving 
surface  production  of  negative  hydrogen  ions  by  simultaneous  bombardment  of 
metal  targets  with  cesium  and  hydrogen  ions  [1].  In  pursuing  this  work  ,  we 
noticed  that  a  fraction  of  the  negative  hydrogen  ion  population  nad  a  low  energy 
spread  of  about  0.2  eV.  Further  experiments  have  shown  that  the  slow  H'  ions 
were  due  to  backscattering  of  hydrogen  atoms  produced  by  thermal  dissociation 
of  hydrogen  gas  on  hot  tungsten  filaments.  In  the  past  three  years  we  have 
studied  production  of  H'  ions  by  backscattering  the  Maxwellian  tail  of  thermally 
produced  hydrogen  atoms  from  several  low  work  function  converter  surfaces  [2- 
4].  The  following  conclusions  have  come  out  from  this  work: 

a)  H*  ions  can  be  produced  with  high  efficiency  (>  10%)  by  backscattering 
low  energy  (>  leV)  hydrogen  atoms  from  low  work  function  (<  1.5  eV)  surfaces. 
This  has  been  demonstrated  experimentally  by  scattering  hydrogen  atoms. 
However ,  theory  indicates  that  the  same  result  holds  for  proton  scattering. 

b)  Low  incident  energy  of  hydrogen  atoms  guarantees  low  energy  spread 
of  the  backscattered  negative  hydrogen  ions. 

c)  An  additional  bonus  of  low  incident  energy  is  the  elimination  of 
physical  damage  to  the  converter  surface.  This  has  opened  up  new  avenues  for 
the  optimization  of  the  converter  surface. 

Possible  applications  of  low  energy  surface  production  in  H*  ion  sources 
are  schematically  shown  in  Fig.(l).  In  principle  ,  the  converter  surface  can  be 
placed  in  two  different  positions  with  respect  to  the  hydrogen  plasma.  The 
"internal  converter",  shown  in  Fie.(la),  is  in  direct  contact  with  the  plasma,  the 
voltage  across  the  plasma  sheatn  being  close  to  the  floating  potential  (a  few 
volts).  The  converter  surface  is  exposed  to  a  flux  of  H4-,  H2"^  and  H3+  ions  in 
addition  to  hydrogen  atoms  and  excited  molecules.  All  these  species  contribute  to 
surface  production  of  H’  ions  which  enter  the  plasma  with  low  kinetic  energy  and 
must  be  extracted  from  the  plasma. 

The  "external  converter",  shown  in  Fig.  (lb),  is  separated  from  the  plasma 
(e.g.  by  means  of  a  magnetic  field).  Only  hydrogen  atoms  and  excited  molecules 
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contribute  to  surface  production  of  H'  ions  which  are  extracted  in  a  plasma-  free 
region  with  a  high  extraction  voltage. 

Apparently,  surface  production  of  H*  ions  by  means  of  an  internal 
converter  has  been  recently  observed  in  volume  sources  in  which  the  work 
function  of  the  converter  was  reduced  by  adding  cesium  [5,6]  or  barium  [7]  to  the 
discharge.  Low  electron  temperature  in  the  extraction  region  of  the  volume 
source  made  the  extraction  of  the  H-  ions  possible. 
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An  H‘  ion  source  using  an 
external  converter  has  yet  to  be  built. 
It  critically  depends  on  the 
availability  of  a  source  of  hydrogen 
atoms  with  a  kinetic  energy  in  the  1 
to  2  eV  range.  According  to  our 
estimates  [4],  these  atoms  will  be 
backscattered  as  H”  ions  with  a 
probability  better  than  50% 
assuming  a  converter  work  function 
between  1.2  and  1.5  eV.  Dissociative 
electron  collisions  with  hydrogen 
molecules  produce  hydrogen  atoms 
with  a  minimum  energy  of  2.2  eV. 
More  studies  are  needed  to 
determine  the  fraction  of  atoms 
reaching  the  converter  without 
substantial  energy  loss.  Temperature 
measurements  of  hydrogen  atoms  in 
discharges  show  that  a  large  fraction 
of  the  atoms  have  an  energy  higher 
than  1  eV  [8]. 

Most  important  for  low  energy  surface  production  of  H-  ions  is  the 
converter  surface.  A  good  converter  must  have  a  work  function  of  1.5  eV  or  less, 
it  must  be  chemically  stable  under  exposure  to  atomic  hydrogen  and  must  be  easy 
to  use.  The  first  two  conditions  are  met  with  some  single  crystal  surfaces  .like 
Si(100)  [9],  W(110)  [10],  covered  with  about  half  monolayer  of  cesium.  The  high 
vapor  pressure  of  cesium  makes  this  type  of  converter  somewhat  inconvenient  to 
use. 


Converter 


Fig.  1  (a)Internal  Converter 
(b)External  Converter 


The  production  of  surfaces  with  work  functions  near  or  below  1.0  eV  have 
been  reported  by  several  groups  [10-16].  These  surfaces  can  be  divided  into  two 
classes.  The  first  represented  by  Si/Cs/O  [12,13]  and  W/Cs/O  [10,11]  require 
atomically  clean  ana  structurally  perfect  surfaces  with  precise  dosing  of  Cs  and 
C>2  in  the  submonolayer  regime.  These  surfaces  are  difficult  to  produce  and 
maintain  and  would  not  be  suitable  for  a  negative  ion  source  environment. 
Recently  we  have  experimented  with  converters  consisting  of  thick  Cs/O  and 
Ba/O  layers.  The  advantage  of  oxide  layers  is  the  fact  that  their  vapor  pressures 
as  well  as  their  work  functions  are  lower  than  the  values  corresponding  to  their 
metals.  The  Cs/O  surface  can  have  a  work  function  as  low  as  1.1  eV  [14-16].  The 
work  function  of  the  Ba/Sr/O  cathode  is  1.4  eV  at  1000*  K  [17],  In  this  paper  we 
describe  our  experiments  with  cesium  oxide  converters. 


EXPERIMENTAL  APPARATUS 


The  experimental  apparatus  is  shown  in  Fig.(2).  It  consists  of  a  planar 
diode  IT  surface  conversion  source,  a  movable  Faraday  cup,  a  rotating  magnetic 
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sector  mass  spectrometer,  two  interchangeable  atomic  hydrogen  sources,  and  a 
tuneable  light  source. 

The  planar  diode  H*  source 
consists  of  a  cesium  oxide  converter 
surface  ,  a  tungsten  mesh  anode,  a 
cover  plate  with  a  1.25  mm  exit 
aperture,  and  a  pair  of  vertical  and 
horizontal  deflector  plates.  The 
atomic  hydrogen  beam  impinges  on 
the  target  through  a  hole  m  the 
front  cover  plate.  The  converter  is  a 
0.002"  thick  Mo  ribbon  which  is 
coated  with  a  layer  of  cesium  oxide. 

The  Mo  ribbon  can  be  ohmically 
heated  and  its  temperature  can  be 
monitored  with  a  thermocouple 
spotwelded  to  the  ribbon. 

Total  negative  ion  and 
electron  currents  leaving  the  exit 
aperture  are  detected  with  the 
Faraday  cup.  The  electron  current  is 
separated  from  the  ion  current  by 
imposing  a  magnetic  field 
perpendicular  to  the  beam  by 
external  Helmholtz  coils.  The 
magnetic  sector  is  used  for  checking 
for  impurity  ions  and  for  measuring 
the  angular  profile  of  the  H'  beam. 
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Fig.  2.  Experimental  Apparatus 


PRODUCTION  OF  ATOMIC  HYDROGEN 

Two  methods  for  H  atom  production  are  used.  The  first  method  consists 
of  thermal  dissociation  of  hydrogen  gas  in  a  heated  tungsten  tube  similar  to  that 
used  by  Pargellis  and  Seidl  [18],  while  the  second  method  relies  on  dissociation  of 
hydrogen  gas  in  a  multicusp  plasma  source  similar  to  that  of  Leung  et.  al.  [19]. 

The  thermal  dissociation  source  consists  of  a  W  tube  3.6  mm  O.D.,  2.38 
mm  I.D.  and  64  mm  long  with  a  0.7mm  hole  in  the  side  of  the  tube.  The  tube  is 
closed  on  one  end  while  the  other  end  is  Cu  brazed  into  a  water  cooled  SS  304 
base  through  which  gas  is  admitted  into  the  tube.  A  20  mm  long  section  is  heated 
by  electron  bombardment.  The  tube  and  filament  are  enclosed  by  a  water  cooled 
heat  shield. 

Atomic  and  molecular  hydrogen  are  assumed  to  be  in  thermal  equilibrium 
in  the  tube.  For  effusive  molecular  flow  [20]  we  can  write: 

l/4*CA,[l/2.nava  +  nmvm]  =  Q/kT0  (1) 

where  n  is  the  number  density  of  atoms  or  molecules  in  the  tube,  v  is  the  mean 
velocity  in  the  tube,  Q  is  the  H?  gas  throughput,  Tq  is  the  H^gas  temperature  in 
the  chamber,  A  is  the  area  of  tne  exit  aperture,  ana  C  is  the  Clausing  factor  [21  j. 
The  molecular  and  atomic  hydrogen  pressures  in  the  tube  are  related  by  the 
equilibrium  constant  for  the  H2  dissociation  reaction 
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K  =  PH/(PH2)!i  (2) 

where  K  is  given  in  the  JANAF  tables  [22] 

Combining  equations  (1)  and  (2)  and  using  the  ideal  gas  law  p  =  nkT  we  can 
solve  for  tne  atomic  density 

na  =  K2/(2/  2kT)  *{-l  +  (l  +  8Q/CA*  1/K2«  (4ff  mkT)^  /kTQ)^  }  (3) 

where  T  is  the  tungsten  tube  temperature'.  The  H  effusion  flux  density  impinging 
on  the  target  is  given  by 

*  =  1/4  *Cnav  *  cos(a)*(r/R)2  (4) 

where  a  =  35.5  is  the  angle  between  the  target  normal  and  the  exit  aperture  of 
the  tube,  r  =  0.35  mm  is  the  radius  of  the  exit  aperture  in  the  tube,  R  =  75.8  mm 
is  the  distance  between  the  converter  and  the  H  source,  and  the  Clausing  factor  C 
=  0.61.  Under  typical  operating  conditions  1  <  Q  <  50  seem,  and  the  tube 
temperature  is  in  the  range  1900“  K  <  T  <  2700°  K.  At  a  flow  rate  of  11  seem, 
and  T  =  2500°  K  the  atomic  hydrogen  pressure  in  the  tube  is  1.4  torr,  the 
chamber  pressure  is  2.4  x  1 0'4.  torr,  ^tnd  ihe  atomic  hydrogen  flux  density 
impinging  on  the  target  is  8.4  x  10^  cm'^sec  . 

For  a  thermal  dissociation  source  where  the  atoms  have  a  Maxwellian 
distribution  only  1%  of  the  beam  atoms  have  energies  above  1.5  eV  at  a 
temperature  of  2600°  K.  This  illustrates  the  limitations  of  this  type  of  source  for 
producing  large  fluxes  of  energetic  atoms. 

The  second  source  of  H  atoms  used  in  this  experiment  was  a  bucket  type 
source  using  a  0.5  mm  tungsten  filament,  and  Sm-Co  permanent  magnets,  see 
inset  in  Fig.(2).  The  source  was  operated  in  a  constant  current  mode,  and  the 
discharge  voltage  was  changed  by  vai/ing  the  pressure  and  filament  temperature. 
Typical  operating  parameters  were  I(discharge)  =  2.0  to  3.5  Amps,  V(discharge) 
=  40  to  100  volts  and  P(H2)  =  1  to  50  mtorr.  The  H  energy  distribution  and 
density  in  our  source  are  presently  unknown.  In  the  current  experiment  this 
source  was  used  for  comparison  with  the  thermal  dissociation  source. 

CESIUM  OXIDE  CONVERTER 

Previously  three  methods  have  been  reported  for  producing  low  work 
function  thick  Cs/O  layers  [14],  The  first  method  involves  the  deposition  of  Cs  on 
a  substrate  followed  by  alternate  exposure  to  Cs  and  Oy  until  a  minimum  work 
function  is  reached.  The  second  method  consists  of  simultaneous  exposure  to  Cs 
and  C>2  with  careful  control  of  the  pressures.  The  third  method  used  in  this 
experiment  involves  the  production  of  Cs/O  by  thermal  decomposition  of 

Cs2C03i 

The  converter  surface  is  prepared  in  a  way  analogous  to  the  conventional 
way  of  making  BaO  thermionic  cathodes.  A  suspension  of  organic  binder  and 
finely  ground  CS2CO-;  powder  is  brush  painted  onto  the  Mo  ribbon  producing  a 
0.10  mm  thick  coating.  Since  the  finely  ground  powder  is  unstable  in  air  and 
absorbs  large  amounts  of  water,  the  entire  grinding  and  coating  procedure  is 
carried  out  in  a  nitrogen  filled  enclosure. 

The  coated  converter  is  initially  heated  to  720“  K  for  approximately  1  hour 
to  evaporate  the  binder.  During  the  initial  heating  the  temperature  is  ramped 
slowly  to  keep  the  chamber  pressure  below  10’”  torr. 
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After  degassing,  the  substrate  is  heated  to  883*  K  for  50  -  60  sec  to  convert 
the  Cs2CO^  to  some  mixture  of  cesium  oxides  and  suboxides  presumed  to  be 
Cs?0  and  Csy02  [14,15]. 

Following  this  procedure  the 
substrate  is  allowed  to  cool  down  to 
300*  K  and  H  is  admitted  into  the 
chamber  aLa  flux  of  approximately 
10lb  cm’^sec*1  ana  an  oven 
temperature  of  2500*  K.  The  H'  ion 
current  from  the  converter  as 
monitored  by  the  mass  spectrometer 
increases  by  several  orders  of 
magnitude  after  initial  exposure  to 
atomic  hydrogen.  The  H*  current 
saturates  in  2500  to  3000  sec.  After 
this  initial  growth  a  further  increase 
in  the  H*  current  can  be  realized  by 
adjusting  the  substrate  temperature 
to  an  optimum  value  of  475*  K.  An 
additional  increase  in  the  H*  signal 
can  be  achieved  by  repeating  the 
overheating  procedure  in  the 
presence  of  atomic  hydrogen.  The 
converter  is  said  to  be  "activated" 
when  the  H'  current  reaches  its 
maximum  steady  state  value.  The 
activation  history  of  the  converter  is 
shown  schematically  in  Fig.(3).  The 
data  show  that  exposure  to  atomic 
hydrogen  activates  the  surface. 
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Fig.  3.  Converter  Activation.  60  to  3000  sec.  Initial 
activation  by  atomic  hydrogen,  T  *  300  K. 

3000  to  5000  sec.  T  -  475  K.  5000  to  13.000 
sec.,  additional  activation  by  heating  In 
atomic  hydrogen. 


SURFACE  PRODUCTION  OF  H*  IONS 

The  H*  ion  current  was  measured  as  a  function  of  the  H  oven 
temperature,  the  extraction  voltage,  the  chamber  pressure,  and  the  converter 
temperature.  Yields  were  calculated  by  taking  the  ratio  of  the  negative  ion  flux  at 
the  exit  aperture  to  the  incident  atomic  flux  from  the  H  oven.  Fig.(4)  shows  the 
H'  yields  at  several  chamber  pressures  and  an  extraction  voltage  of  600  volts  as  a 
function  of  l/T(oven).  These  data  were  taken  at  an  optimum  substrate 
temperature  of  475*  K.  The  effect  of  changing  the  substrate  temperature  will  be 
discussed  later.  We  attribute  the  variation  in  yields  as  a  function  of  pressure  to 
variations  in  the  daily  activation  of  the  converter.  The  data  at  pressures  of  6.24  x 
10  ,  2.4  x  10  ,  and  2.9  x  10'5  torr  all  show  a  maximum  in  the  yield  curves.  The 
calculated  yields  depend  on  the  incident  atomic  flux  and  on  the  target  properties. 
Assuming  that  the  ionization  probability  continues  to  increase  with  atomic  beam 
temperature  then  the  apparent  drop  in  the  yield  would  indicate  a  drop  in  the  H 
flux  on  the  order  of  1.3  times  the  calculated  value.  Variations  in  the  H  flux  may 
be  due  to  a  departure  from  equilibrium  conditions  in  the  tungsten  tube.  These 
effects  are  currmitly  being  investigated.  No  maximum  was  observed  for  the  data 
taken  at  l.lxl0'J  torr.  All  of  the  yield  curves  exhibit  a  exp(-C/kT)  dependence  al 
temperatures  below  the  turnover  point.  The  highest  measured  yield  was  6.5X10"3 
at  an  oven  temperature  of  2593*  K  and  a  chamber  pressure  of  6.2x1c4  torr.  The 
solid  lines  in  the  figure  are  the  calculated  fractions  of  atoms  leaving  the  W  tube 
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with  energies  greater  than  1.0  eV  and  1.5  eV.  It  can  be  seen  that  about  62%  of 
the  atoms  with  energies  higher  than  1.5  eV  are  reflected  as  H-  ions  at  a 
temperature  of  2600*  K. 

Fig.(5)  shows  the  H*  yield  at  ie*01 
several  extraction  voltages  and  a 
chamber  pressure  of  6.24  x  10'4  torr 
as  a  function  of  l^TXoven).  The 
yields  show  an  increase  with  «■«* 
extraction  voltage  due  to  a  Schottky 
dependence  on  the  extraction  field. 

The  usefulness  of  an  atomic  9 
reflection  type  negative  ion  source  is  I 
demonstrated  here  since  large  * 
extraction  fields  can  be  applied 
which  are  not  possible  in 
conventional  H-  sputter  sources  due  «-« 
to  excessive  sputtering  of  the 
extraction  electrodes. 

The  dependence  of  the  H‘ 

yield  and  the  ratio  of  electron  to  ion  ,E-°y1  44  4<  4  ,  ^  #  _ . _ . _ - 

current  on  the  converter  ...  84  88  8-8  80 

temperature  is  shown  in  Fig.(6) .  An 
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temperature  IS  observed  where  the  Jt  several  chamber  pressures.  Extraction 

negative  ion  yield  reaches  a  voltage  ■  soo  volts, 

maximum  and  the  corresponding 
ratio  of  electrons  to  ions  is  a 

minimum.  This  optimum  occurs  in  «-«ir - — . . 

the  neighborhood  of  475*  K  and  is  • 

observed  at  all  atomic  oven  -~4L>i.o  «v 

temperatures  and  pressures.  This 
optimum  was  stable  and  reproduc¬ 
ible  in  day  to  day  operation  and  for  . 

several  different  cesium  oxide 

targets.  We  attribute  the  optimum  »  i!  j  j  _ >u  ev 

in  the  substrate  temperature  to  §  •  ’  *  •  1 

maintenance  of  a  minimum  work  4  ; 

function  surface  due  to  an  optimum  * 

coverage  of  Cs  and  CS2O/CS2O2  on  imi  pT  vf,  JL  to  • 
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snown  in  Fig.(7).  An  exponential  ....  •  1000 
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ion  ratios  on  the  order  of  1  can  be  pressure  •  6.26-4  torr. 

achieved. 


Fig.  4.  Negative  Hydrogen  Ion  Yield  vs.  l/T(oven) 
at  several  chamber  pressures.  Extraction 
voltage  •  600  volts. 
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Fig.  5.  Negative  Hydrogen  Ion  Yield  vs.  l/T(oven) 
*t  several  extraction  voltages.  Chamber 
pressure  •  6.26-4  torr. 
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The  increase  in  the  ratio  with  decreasing  oven  temperature  may  be  due  to 
trapping  and  recombination  of  slow  atoms  on  tne  surface.  The  slow  atoms  are 
chemisorbed  by  the  image  force  and  recombine  on  the  surface  releasing  4.4  eV  of 
energy  corresponding  to  the  binding  energy  of  the  molecule.  Since  this  energy 
is  larger  than  the  work  function  electrons  may  be  emitted  from  the  surface  by  an 
"Auger-like"  process.  This  process  has  not  yet  been  investigated. 

Measurements  of  tne  H’  angular  distributions  were  done  for  the  activated 
and  non-activated  converter  surfaces.  The  angular  distributions  were  converted 
into  parallel  energy  distribution  as  described  in  ref  [3]. 

Fig.(8)  snows  the  H* 

parallel  energy  distribution  at  an  1000, - - - ,i.oe-«* 

H  oven  temperature  of  2523*  K  / 

(0.22eV)  for  activated  and  non-  / 

activated  target  surfaces.  The  / 

temperature  of  the  distribution  / 

for  the  nonactivated  case  is  0.43  100  ,•0e-0• 

eV  compared  with  0.28  e V  for  the  /  /  / 

activated  surface.  The  activation  2 

procedure  serves  not  only  to  ^  //V  * 

increase  the  H*  yield,  but  also  to  |  10  /  /  \  .  10e.M  I 

remove  patch  effects  [23]  due  to  X  J  n"*  £ 

Cs  coverage  on  the  surface.  After  *  ^  k^X//  [ 

activation  the  energy  spread  was  Xy  * 

independent  of  converter  .  / 

temperature  variations  from  i  \  y  „  nxr*  t  1oe-°« 

325°  K  to  550"  K.  It  has  previously  Th1  K1 

been  shown  by  Melnychuk  *  M  §'* 


been  shown  by  Melnychuk  * 

et.al.[3]  that  the  parallel  energy  *  MJ0 

distribution  of  H'  ions  formed  by 

reflecting  thermal  energy  H  atoms  ' 

from  cesiated  Mo  and  n  or  p  type 

Si  (100)  surfaces  have 

temperatures  _  equal  tc  the  <'•>■  1™  *'*  "  ""a 

incident  atomic  temperature.  The 

Cs/O  surface  has  a  similar 

dependence  except  that  patch 

effects  are  more  pronounced. 

The  H'  energy  distributions  obtained  with  the  tungsten  tube  source  were 
compared  with  the  distributions  from  the  plasma  H  source.  See  Fig.(8).  The 
discharge  source  was  operated  under  conditions  where  there  were  no  positive 
ions  extracted  from  the  plasma,  therefore  all  the  H'  ions  produced  on  the 
converter  are  due  solely  to  reflected  hydrogen  atoms.  The  parallel  energy 
distribution  indicates  the  existence  of  a  slow  and  a  fast  component.  The 
temperature  of  the  slow  component  is  approximately  0.5  eV  and  the  fast 
component  has  a  temperature  of  1.1  eV.  This  is  a  temperature  well  above  that 
obtainable  by  thermal  dissociation. 

The  H*  current  was  optimum  at  a  source  pressure  of  30  mtorr  and 
increased  with  the  discharge  voltage.  The  maximum  H*  currents  obtained  were 
approximately  100  times  smaller  than  those  obtained  with  the  W  tube  source  at 
tne  same  chamber  pressure.  This  indicates  a  low  production  rate  of  fast  hydrogen 
atoms  in  the  discharge. 
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Fig.  6.  Ratio  of  electrons  to  Ions  and  H*  Yield 
vs.  Converter  Temperature. 
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CONCLUSIONS 

Thick  films  of  cesium  oxides  produced  by  thermal  decomposition  of 
cesium  carbonate  have  been  successfully  used  as  converter  surfaces  for 
production  of  negative  hydrogen  ions  by  backscattering  hydrogen  atoms.  These 
surfaces  are  ea<w  to  use,  mid  after  activation  are  stable  in  a  flux  of  atomic 
hydrogen  of  10ltratoms/cmVsec  and  of  0.22  eV  temperature. 

About  60  %  of  the  atoms  with  an  energy  higher  than  1.5  eV  are  reflected 
as  H*  ions  for  a  temperature  of  0.22  eV  in  the  thermal  distribution.  Under 
optimum  conditions  the  electron  to  ion  ratio  is  smaller  than  one.  Large  extraction 
fields  can  be  used  since  the  converter  surface  is  not  exposed  to  ion  bombardment. 

For  a  thermal  distribution  of  the  incident  hydrogen  atoms  the  H*  ions 
have  a  Maxwellian  parallel  energy  distribution  with  a  temperature  nearly  equal 
to  the  incident  atoms  (0.22  eV).  For  a  discharge  source  of  atomic  hydrogen  a 
fraction  of  the  H'  ions  have  a  parallel  temperature  of  1  eV  but  an  intensity  100 
times  lower. 
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Reflection  of  hydrogen  atoms  from  alkali  and  alkaline  earth  oxide  surfaces 
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( Received  27  September  1990;  accepted  22  October  1990) 

Negative  hydrogen  ions  were  produced  by  scattering  thermal  energy  H  atoms  with  a  Maxwellian 
distribution,  from  converter  surfaces  consisting  of  thick  coatings  of  barium  oxide,  a  mixture  of 
cesium  oxides  and  cesium  carbonate,  cesium  oxides  produced  by  decomposition  of  cesium 
carbonate,  and  submonolayer  coatings  of  cesium  on  polycrystalline  Mo.  The  H  ion  yields  and 
the  ratio  of  electrons  to  ions  were  measured  as  a  function  of  the  incident  H  atom  temperature  for 
each  of  the  converter  surfaces.  The  ion  yield  and  the  electron  to  ion  ratio  were  found  to  depend 
strongly  on  the  temperature  of  the  incident  H  atoms,  and  on  the  work  function  of  the  surface.  The 
best  results  were  obtained  with  the  cesium  oxide  converter.  H  yields  from  the  cesium  oxide  were 
above  19z  at  H  atom  temperatures  above  0.22  eV,  and  the  surface  was  stable  in  a  flux  of  atomic 
hydrogen  of  10lr>  atoms/enr/s  for  over  20  h  of  exposure  time  with  no  deterioration  in 
performance. 


I.  INTRODUCTION 

In  this  paper  we  present  the  results  of  our  study  of  the  elec¬ 
tron  transfer  from  alkali  and  alkaline  earth  oxides  to  thermal 
energy  H  atoms  reflected  from  these  surfaces.  The  most  im¬ 
portant  factor  for  low  energy  surface  production  of  H  ions 
is  the  type  of  converter  surface  used.  A  good  surface  must 
have  a  low  work  function,  it  must  be  chemically  stable  under 
exposure  to  atomic  hydrogen,  and  it  must  be  easy  to  use. 
When  the  incident  energy  of  the  hydrogen  atom  or  ion  is  on 
the  order  of  a  few  eV.  the  restrictions  present  in  most  surface 
conversion  sources  operating  at  l(X)  eV  bombarding  energy 
do  not  apply.  Sputtering  and  implantation  are  negligible, 
and  complex  multicomponent  converters  such  as  barium 
and  cesium  oxides  can  be  used.  The  advantage  of  oxide  lay¬ 
ers  is  the  fact  that  their  vapor  pressures  as  well  as  their  work 
functions  are  lower  than  the  values  corresponding  to  their 
metals.  The  benefits  of  this  approach  have  been  recognized 
in  this  laboratory  some  time  ago.  and  research  along  these 
lines  has  been  pursued  in  the  past  two  years.' 

The  production  of  surfaces  with  work  functions  around 
1 .0  eV  has  been  achieved  by  the  eoadsorbtion  of  cesium  and 
oxy  gen,  on  a  variety  of  substrates.  It  is  well  known  that  a 
monolayer  of  cesium  adsorbed  on  Sit  1 CX) ) .  or  W(  110)  fol¬ 
lowed  by  exposure  to  oxygen  can  produce  surfaces  with 
work  functions  of  0.9  eV.'  '  These  Si/Cs/O  and  W/Cs/O 
surfaces  are  extremely  sensitive  to  the  substrate  surface  con¬ 
ditions  and  require  an  ultrahigh  vacuum  environment,  and  a 
perfect  substrate  surface  crystal  structure.  These  surfaces 
would  not  be  suitable  for  a  negative  ion  source  environment 
Work  functions  of  I  0  eV  can  he  achieved  by  the  progressive 
oxidation  of  thick  C's  films  (  ■  10  atomic  layers).’  while 
slightly  higher  work  functions.  1.05  to  1.2  eV.  have  been 
produceil  by  the  deposition  of  thick  films  (25  to  50  mono¬ 
layers)  of  cesium  oxides  produced  by  thermal  decomposi¬ 
tion  of  C's  TO 

We  have  investigated  the  production  of  H  ions  by  back- 
scattering  thermal  energy  hydrogen  atoms  from  thick  coat¬ 
ings  of  Ba()  produced  by  the  thermal  decomposition  of 


BaCO  ., .  and  thick  coatings  of  Cs.O/Cs.O,  /CsO,  produced 
by  the  thermal  decomposition  of  Cs.CO,.  These  results 
were  compared  with  H  ions  produced  by  atomic  back- 
scattering  from  submonolayer  vapor  deposited  coatings  of 
cesium  on  molybdenum. 

II.  EXPERIMENTAL  DETAILS 

All  experiments  were  performed  in  a  diffusion  pumped 
high  vacuum  chamber  equipped  with  a  liquid  nitrogen  cry o- 
baffle.  The  base  pressure  was  3  X  10  *  Torr.  The  experimen¬ 
tal  apparatus  is  shown  in  Fig.  1 .  It  consists  of  a  planar  diode 
surface  converter,  a  rotating  28°  magnetic  sector  mass 
spectrometer,  a  rotating  Faraday  cup.  a  thermal  atomic  hy¬ 
drogen  source,  a  cesium  oxide  or  pure  cesium  evaporation 


f  Tunable  Light  Source 
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source,  a  residual  gas  analyzer  (RGA)  monopole  mass 
spectrometer,  and  a  tunable  light  source  mounted  outside 
the  chamber. 

The  planar  diode  H  source  consists  of  a  Mo  ribbon  cath¬ 
ode  8.2  mm  wide,  which  was  coated  by  the  particular  materi¬ 
al  under  investigation,  a  tungsten  mesh  anode,  and  a  stain¬ 
less  steel  cover  plate  with  a  1.25  mm  exit  aperture  for  the 
extracted  H  and  e  beams.  The  cover  plate  also  contained 
the  entrance  aperture  for  the  incident  H  atom  beam,  and  a 
shield  separating  the  H  atom  source  from  the  H  analysis 
region.  Vertical  and  horizontal  deflector  plates  for  steering 
the  extracted  beam,  and  a  deflector  plate  for  deflecting  any 
positive  ions  emitted  from  the  atomic  hydrogen  source,  are 
mounted  on  the  cover  plate.  The  Mo  ribbon  cathode  could 
be  ohmically  heated  up  to  1500  K.  and  its  temperature  was 
monitored  with  a  thermocouple  spotwelded  to  the  ribbon. 

The  atomic  hydrogen  source  consisted  of  a  tungsten  tube 
w  ith  a  0.7  mm  aperture  in  the  side  of  the  tube.  The  tube  was 
closed  ('n  one  end  and  the  open  end  was  brazed  into  a  water 
cooled  base  through  which  H,  gas  was  admitted  into  the 
tube.  The  end  section  of  the  tube  in  the  vicinity  of  the  exit 
aperture  w  as  heated  by  electron  bombardment  from  a  heated 
tungsten  filament.  The  total  gas  flow  into  the  source  was 
measured  by  a  gas  flow  meter  calibrated  for  H ,  gas.  Typical 
operating  temperatures  for  the  source  were  between  0)50 
and  2750  K.  The  flux  of  hydrogen  atoms  impinging  on  the 
target  was  calculated  based  on  the  assumption  of  thermal 
equilibrium  in  the  source,  and  a  knowledge  of  the  conduc¬ 
tance  of  the  exit  aperture,  the  tube  temperature,  and  the  gas 
flow  into  the  source.  11  The  tube  temperature  was  measured 
with  a  disappearing  filament  type  optical  py  rometer. 

Four  types  of  H  converters  were  tested.  The  first  two 
types  of  converters  consisted  of  BaCO,  or  Cs.CO,  applied 
directly  onto  the  Mo  cathode  ribbon  before  insertion  into  the 
vacuum  chamber.  Before  the  Mo  ribbon  was  coated  with 
Cs.CO  or  BaC();  it  was  cleaned  in  vacuum  by  heating  to 
1 550  K  for  30  to  60  min  in  a  background  pressure  of  H .  gas 
of  8  ■  10  1  Torr.  These  coated  targets  were  then  heated  in 
vacuum  to  decompose  the  carbonates  to  their  oxides,  and  H 
atoms  were  reflected  from  the  decomposed  targets.  The  de¬ 
tails  of  the  decomposition  process  will  be  described  in  the 
next  section.  The  third  type  of  converter  used  consisted  ol  a 
thick  coating  of  cesium  oxides  on  the  Mo  substrate  ribbon, 
made  in  \itu.  by  collecting  the  evaporation  products  of 
Cs.CO  decomposed  at  %0  K  The  cesium  oxide  evapora¬ 
tion  source  consisted  of  a  Ni  ribbon  7.62  mm  wide  and  25.4 
mm  long,  onto  which  was  spotwelded  a  line  tungsten  mesh 
of  the  same  dimensions.  Fite  Ni  ribbon  and  mesh  were 
spotwelded  onto  two  stainless  steel  mounts  which  served  as 
the  electrical  contacts.  The  source  plane  was  oriented  at  45 
to  the  converter  normal  such  that  some  fraction  of  the  evap¬ 
orated  material  would  be  collected  by  the  Mo  substrate  rib¬ 
bon  The  purpose  of  the  mesh  was  to  increase  the  surface 
area  of  the  source  to  allow  a  substantial  amount  of  Cs  C( ) . 
to  be  applied  onto  the  surface  The  Ni  ribbon  could  be  ohmi¬ 
cally  heated,  and  its  temperature  could  be  monitored  with  a 
thermocouple  The  last  type  of  converter  used  vvasa  partially 
cesiated  Moconvcrter  The  Cs.CO  evaporation  source  was 
replaced  by  a  Cs  dispenser  capable  of  delivering  from  10  to 


10"’  Cs  atoms/cnr/s  to  the  target.  Evolution  of  gases  during 
the  BaCO,  and  Cs.CO,  decomposition  was  monitored  with 
the  RGA. 

Negative  ion  species  and  electrons  in  the  extracted  beam 
were  identified  with  the  magnetic  sector  mass  spectrometer. 
The  extracted  beam  consisted  of  H  ions  and  e  .  No  impu¬ 
rity  ions  were  detected.  The  total  current  leaving  the  exit 
aperture  was  measured  by  the  movable  Faraday  cup.  Elec¬ 
trons  were  separated  from  the  H  beam  by  a  magnetic  field 
of  20  to  25  G  produced  by  a  pair  of  Helmholtz  coils  located 
outside  the  chamber. 

For  each  of  the  conv  erter  surfaces  used,  we  measured  de¬ 
pendence  of  the  H  ion  and  electron  currents,  on  the  inci¬ 
dent  H  atom  temperature,  and  the  converter  temperature. 
The  H  yield  is  defined  as  the  ratio  of  the  H  ion  current 
density  leaving  the  converter  to  the  H  atom  current  density 
incident  on  the  converter.  The  yield  was  determined  by  mea¬ 
suring  the  H  ion  current  to  the  Faraday  cup.  and  calculat¬ 
ing  the  corresponding  current  density  at  the  exit  aperture. 
Since  the  exit  aperture  only  samples  a  small  area  of  the  con¬ 
verter  surface,  and  we  have  a  planar  extraction  geometry,  we 
assume  a  uniform  current  density  at  the  exit  aperture  which 
is  related  to  the  current  density  at  the  converter  surface  by 
the  transmission  factor  of  the  anode  mesh. 

III.  EXPERIMENTAL  RESULTS 

The  H  ion  yield  data,  and  the  ratio  of  electrons  to  tons, 
for  each  of  the  converters  tested  are  presented  in  Figs.  2  and 
3.  These  data  are  plotted  as  a  function  of  1/7"  |  eV  1  ] .  where 
7  is  the  temperature  of  the  atomic  H  oven. 

A.  Barium  oxide  converter 

The  BaO  converter  was  prepared  by  brush  coating  the  Mo 
cathode  ribbon  with  a  commercially  obtained  BaCO.  sus- 
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Fig.  3  Ratio  of  electrons  to  H  ions  in  the  extracted  beam.  •  BaO, 
O  Cs.CO,,  A  Cs/Cs.O/Cs.O. ,  ▲  Cs/Mo  converters.  The  ratios  for  the 
BaO,  Cs/Cs,  O/Cs .  O, ,  and  Cs/Mo  converters  were  measured  at  an  extrac¬ 
tion  voltage  of  300  V,  the  ratio  for  the  Cs,  CO,  converter  was  measured  at 
900  V 
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Fig.  4.  The  dependence  of  the  H  ion  yield,  and  the  electron  current  den¬ 
sity,  on  the  temperature  of  the  BaO  converter  at  an  extraction  voltage  of  300 
V.  The  H  atom  flux  to  the  converter  was  9.7  x  101'  atoms/cm’/sat  an  oven 
temperature  of  2490  K.  4  /  ;  A,  •  H  ion  yield. 


pension  followed  by  conversion  of  the  BaCO,  to  BaO  by 
heating  the  coated  ribbon  in  vacuum.  Production  of  a  well 
activated  BaO  depends  on  the  production  of  free  Ba  and  on 
the  diffusion  of  the  Ba  into  the  BaO  crystals  and  to  the  sur¬ 
face  of  the  converter."’ "  Decomposition  of  the  BaCO,  to 
BaO  was  carried  out  by  heating  the  converter  to  1073  K  for 
2-3  h,  followed  by  a  further  heating  of  the  converter  to  1273 
K  for  approximately  3  min  in  order  to  produce  free  Ba  from 
the  BaO.  and  diffuse  it  into  the  BaO  coating.  Following  this 
activation  procedure  the  converter  could  function  as  a  stable 
electron  emitter  at  an  operating  temperature  of  873  K. 
Further  activation  of  the  converter  was  carried  out  by  re¬ 
peating  the  overheating  procedure  with  H,  gas  in  the 
chamber,  at  a  pressure  of  1x10  4  Torr,  and  with  a  flux  of 
1  X  10lh  H  atoms/cmVs  impinging  on  the  converter.  The 
overheating  procedure  in  the  presence  of  H,,  and  atomic  H 
resulted  in  a  sixfold  increase  in  the  electron  emission  current 
at  an  operating  temperature  of  873  K.  The  converter  over¬ 
heating  procedure  described  above  was  repeated  daily  before 
measuring  H  yields. 

H  ion  currents,  and  electron  currents  were  measured  at 
an  extraction  voltage  of  300  V.  and  a  converter  temperature 
of  373  K.  The  H,  gas  flow  rate  was  26  seem  corresponding  to 
a  chamber  pressure  of  4.1  X  10  4  Torr  The  yields  ranged 
from  5  X  10  '  at  2670  K  down  to  7  x  10  *  at  I960  K.  Mea¬ 
surements  of  the  thermionic  work  function  under  these  con¬ 
ditions  gave  results  ranging  from  1.81  to  2.18  eV  at  a  con¬ 
verter  temperatures  from  628  to  944  K.  This  may  be  com¬ 
pared  with  2.5  eV  which  is  the  work  function  of  clean  bari¬ 
um. 

The  dependence  of  the  H  yield  and  the  electron  current 
on  the  converter  temperature  is  shown  in  Fig.  4.  These  data 
were  taken  at  a  constant  H  oven  temperature  of  2490  K.  At 
925  K  the  yield  increases  by  3  to  4  times  compared  with 
operation  at  373  K.  however  the  electron  to  ion  ratio  is  about 
3  ■  10'  We  could  not  measure  H  ion  currents  at  tempera¬ 


tures  above  925  K  due  to  the  large  extracted  electron  cur¬ 
rent.  The  increase  in  the  yield  at  high  converter  tempera¬ 
tures  is  most  likely  due  to  a  lowering  of  the  work  function 
due  to  diffusion  of  Ba  to  the  surface  of  the  converter.  The 
dependence  of  the  electron  current  on  the  converter  tem¬ 
perature  shows  that  at  low  temperatures  the  electrons  are 
primarily  due  to  the  interaction  of  atomic  hydrogen  with  the 
surface,  however  at  high  temperatures  thermionic  emission 
is  the  dominant  electron  production  mechanism. 

B.  Cs2C03  converter 

Preparation  of  the  Cs.CO,  coated  converter  was  carried 
out  in  a  manner  analogous  to  that  used  with  the  BaCO, 
coated  converter.  A  suspension  of  organic  binder,  and  finely 
ground  Cs;  CO,  powder  was  brush  painted  onto  the  Mo  rib¬ 
bon  producing  a  0.1  to  0.2  mm  thick  coating.  Because  the 
finely  ground  Cs.CO,  powder  is  extremely  moisture  sensi¬ 
tive,  the  entire  grinding  and  coating  procedure  was  carried 
out  in  a  nitrogen  filled  enclosure. 

Cs.CO,  decomposes  according  to  the  reaction7 12 

Cs.CO,  +  A=>Cs.O  +  CO,,  (1) 

where  A  is  the  heat  supplied  for  the  reaction  to  proceed. 
Below  673  K  Cs.O  evaporates  according  to  the  reaction 

Cs.O(solid)  -f  A=>Cs.O(gas),  (2) 

but  above  773  K  Cs.  O  reacts  to  form  Cs,  O,  according  to  the 
reaction1’ 

2Cs.O(solid)  +  A=>2Cs(gas)  +  Cs.O,  (gas).  (3) 

We  have  attempted  to  produce  a  low  work  function  coat¬ 
ing  directly  on  the  Cs.CO,  converter  by  appropriate  heat 
treating  of  the  coating,  and  by  exposure  to  atomic  hydrogen. 
The  Cs.CO,  converter  was  initially  heated  without  H,  gas 
in  the  chamber  up  to  a  maximum  temperature  of  879  K 
During  this  heating  the  gas  evolution  was  monitored  with 
the  RGA,  and  the  thermionic  electron  emission  current  was 
monitored  w  ith  the  Faraday  cup.  Decomposition  of  the  ni¬ 
trocellulose  based  organic  binder  occurred  at  converter  tem- 
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peratures  from  358  to  730  K..'4  As  the  converter  tempera¬ 
ture  was  raised  above  763  K  a  significant  increase  in  the  CO, 
peak  on  the  RGA  was  observed,  accompanied  by  an  increase 
in  the  electron  emission  current.  At  a  converter  temperature 
of  879  K  the  CO,  peak  was  75  times  greater  than  at  the  base 
pressure,  and  the  electron  emission  current  increased  by  10 1 
times  when  the  converter  temperature  was  raised  from  707 
to  838  K.  The  evolution  of  CO,  gas,  and  the  increase  in  the 
electron  emission,  was  indicative  of  the  onset  of  the  Cs,  CO, 
decomposition  reaction  ( 1 ),  and  a  lowering  of  the  work 
function.  The  converter  was  maintained  at  879  K.  for  ap¬ 
proximately  2  min.  after  w  hich  the  converter  was  cooled  to 
373  K.  After  this  initial  decomposition  of  the  Cs.CO,.  H, 
gas  was  admitted  into  the  chamber  at  a  flow  rate  of  16  seem, 
corresponding  to  a  chamber  pressure  of  3.24  »  10  4  Torr, 
and  the  converter  was  exposed  to  an  H  atom  flux  of 
1.2  ■  10"’  atoms/enr/s  at  an  oven  temperature  of  2523  K. 
At  this  point  the  extracted  H  ion  current  was  less  than  100 
pA  with  the  converter  at  373  K.  The  converter  was  then 
heated  to  843  K  for  60  s,  in  the  presence  of  atomic  hydrogen, 
followed  by  cooling  back  down  to  373  K.  After  this  second 
overheating  the  extracted  H  ion  current  increased  to  120 
pA  corresponding  to  a  yield  of  5  \  10  "  H  ions  per  incident 
atom.  This  overheating  procedure  was  repeated  20  more 
times,  until  the  yield  reached  a  maximum  steady  state  value 
of  4  10  4  ions  per  atom  at  a  2523  K  oven  temperature,  and 

373  K  target  temperature.  Each  heating  of  the  converter  was 
carried  out  at  a  16  to  17  seem  H,  gas  flow  rate,  and  a  2523  H 
oven  temperature,  with  a  flux  of  1.2  \  10"'  H  atoms/em’/s 
impinging  on  the  converter  surface.  Based  on  reactions  ( 1 ), 
( 2 ),  and  ( 3 ).  and  on  ultraviolet  photoelectron  spectroscopy 
(UPS)  data  identifying  the  presence  of O,  .  and  O  species 
present  on  the  surface  of  Cs.CO,  targets  heated  in  atomic 
hydrogen,1'  we  assume  that  the  final  activated  converter 
surface  consisted  of  a  mixture  of  Cs.O,  Cs.O..  CsO, .  and 
unreacted  Cs.CO,. 

Measurements  of  the  photoelectric  threshold  of  Cs.CO. 
targets  heated  in  the  presence  of  atomic  hydrogen  in  our 
vacuum  system  give  values  in  the  range  of  1.88  to  1  68  eV 
depending  on  the  temperature  ol  the  converter,  and  on  the 
degree  of  activation.  Work  functions  as  low  as  1.5  eV  have 
been  obtained  under  ultrahigh  vacuum  (UHV)  conditions 
after  several  days  of  heat  treating  the  converter  in  the  pres¬ 
ence  of  atomic  hydrogen,  however  values  around  1 .7  eV  are 
more  typical  of  this  type  of  target.1'  H  yields  from  this 
converter  were  20  times  greater  than  from  the  BaO  convert¬ 
er.  while  the  electron  to  ion  ratio  was  from  5  to  30  times 
smaller  depending  on  the  H  oven  temperature. 


C.  Vapor  deposited  cesium  oxide  converter 

A  thick  coaling  of  cesium  oxides  was  produced  on  the 
converter,  in  the  presence  of  atomic  hydrogen,  by  heating 
the  Cs.CO,  evaporation  source  above  the  decomposition 
temperature  of  the  carbonate,  and  collecting  the  products  of 
this  decomposition  on  the  Mo  substrate  ribbon.  Briere  and 
Sommer  reported  obtaining  work  functions  of  1 .05  to  115 
eV  from  thick  films  of  Cs  oxides  t  25  to  50  monolayers )  pro¬ 
duced  by  collection  of  the  thermal  decomposition  products 


of  Cs,CO,  heated  above  873  K.  We  have  measured  work 
functions  of  thick  cesium  oxide  coatings  produced  by  the 
above  method  ranging  from  1 .45  to  1 .2  eV,  using  the  electron 
retarding  technique  in  a  UHV  environment. 

Before  the  Mo  ribbon  was  coated  it  was  cleaned  by  heating 
to  1000  K  for  10  to  15  min,  in  a  background  H,  pressure  of 
4.0x  10  4  Torr,  with  a  flux  of  9.5  X  101'  H  atoms/enr/s 
impinging  on  the  ribbon  at  an  oven  temperature  of  2443  K. 
The  Cs.CO,  evaporation  source  was  heated  to  963  K  ap¬ 
proximately  1  min  before  the  heating  of  the  Mo  ribbon  was 
shut  off  in  order  to  allow  the  source  time  to  degas.  No  H 
ion  current  was  detected  with  the  target  at  1000  K.  and  the 
source  at  963  K.  The  source  was  kept  at  963  K.  while  the 
target  was  rapidly  cooled  to  approximately  360  K  by  shut¬ 
ting  off  the  heating  current  to  the  Mo  ribbon.  Material  was 
deposited  onto  the  ribbon  fora  total  of  6  min.  Auger  electron 
spectroscopy  data1'  of  thick  films  (  >30A)  produced  by  the 
decomposition  of  Cs,  CO,  under  UHV  conditions  show  only 
Cs  and  O  present  on  the  surface.  Based  on  reactions  ( 1 ),  (2). 
and  ( 3 ),  and  on  the  data  of  Klemm  and  Scharf1 1  who  have 
identified  Cs  and  Cs.O,  in  the  condensate  of  decomposed 
Cs,  O.  we  assume  that  the  converter  was  covered  with  a  mix¬ 
ture  of  Cs,  Cs.O,  and  Cs.O, . 

The  converter  coating  procedure,  and  the  dependence  of 
the  H  ion  current  on  the  target  temperature,  are  summar¬ 
ized  in  Fig.  5.  As  the  Mo  ribbon  cooled  after  heating  to  1000 
K..  evaporated  material  from  the  source  was  deposited  onto 
it.  and  a  rapid  rise  in  the  H  ion  current  was  observed.  After 
approximately  20  s  of  deposition  the  H  current  peaked  at 
10  nA.  w  ith  a  target  temperature  of 425  K.  corresponding  to 
a  yield  of  18  •  10  '  H  ions  per  H  atom,  followed  by  a 
continuous  decrease  in  the  ion  current  for  the  remainder  of 
the  time  that  the  evaporation  source  was  heated.  After  the 
deposition  source  was  shut  off  the  H  ion  current  slowly 
increased  with  the  converter  at  350  K.  Upon  heating  the 
converter  to  445  to  455  K  the  ion  current  rose  rapidly  ,  and 
increased  for  several  minutes  before  reaching  a  saturation 
value  of  50  nA  corresponding  to  a  yield  of  9.1  v  10  '  ions 
per  H  atom,  at  an  oven  temperature  of  2443  K. 


Ik.  5  I  lie  time  evolution  of  the  H  ton  current#  •.  during  the  Cs  C< ) 
decomposition  process  I  lie  solid  line  (  no  s\ mho) ) .  shows  i lie  tempera¬ 
ture  of’ the  C  v  CO  decomposition  source  as  a  function  of  time,  and  the 
dashed  hue  .  shows  the  temperature  of  the  converter  as  a  function  of 

time  1  he  H  atom  flux  to  the  converter  was  >  •  in  atoms  em  s.  at  an 
oven  temperature  of  244  *  k 
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The  stability  of  these  cesium  oxide  coatings  was  studied  by 
measuring  the  behavior  of  the  H  ion  current  as  a  function 
of  time.  The  extracted  H  current  remained  steady  at  the 
optimum  converter  temperature  of 455  K  for  at  least  20  h  of 
cumulative  operation  over  the  course  of  3  days  of  testing, 
during  exposure  to  atomic  hydrogen  at  a  flux  of  10"1 
atoms/cnr/s.  The  coated  converter  survived  overnight  in  a 
residual  vacuum  of  3  X  10  "Torr  after  it  was  cooled  down  to 
room  temperature,  and  the  H,  gas  was  pumped  out  of  the 
chamber.  Each  day  following  the  initial  deposition,  in  order 
to  achieve  the  optimum  H  yield  after  the  converter  sat 
overnight  at  room  temperature,  it  was  necessary  to  heat  the 
converter  to  about  455  K.  The  growth  in  the  H  ion  current 
with  time,  showed  a  sharp  increase  when  the  converter  was 
heated  above  400  K,  followed  by  a  stabilization  in  the  H 
current  around  450  K. 

The  dependence  of  the  H  yield  on  the  temperature  of  the 
converter  is  shown  in  Fig.  6.  The  optimum  converter  tem¬ 
perature  agrees  well  with  the  observed  optimum  tempera¬ 
ture  of  Briere  and  Sommer  for  their  1.2  to  1.05  eV  work 
function  surface  produced  by  decomposition  of  Cs,  COs. 
These  data  were  taken  with  the  H  atom  source  operating  at 
2443  K,  a  gas  flow  rate  of  17  seem  corresponding  to  a 
chamber  pressure  of  3. 36  >  10  4  Torr,  and  an  H  atom  flux  of 
9.5  x10''  atoms/cnr/s.  The  yield  decreased  by  90  times 
when  the  converter  temperature  was  raised  from  455  to  675 
K  for  approximately  5  min.  however  upon  cooling  the  con¬ 
verter  back  to  455  K  it  recovered  to  its  optimum  value  after 
approximately  30  min  The  thermal  stability  of  the  oxide 
coatings  can  be  compared  w  ith  pure  Cs.  The  decomposition 
temperatures  of  Cs.O  and  Cs.O,  are  763  and  863  K."'  re¬ 
spectively.  indicating  that  these  compounds  are  relatively 
stable  below  these  temperatures.  At  450  K  the  vapor  pres¬ 
sure  of  pure  Cs  is  3.52  ■  10  Torr  corresponding  to  an 
evaporation  rate  of  5  s  10"  atoms/cnr/s  (  c:  10J  mono¬ 
layers/s).  w  hile  at  675  K  the  vapor  pressure  is  21  Torr  corre¬ 
sponding  to  an  evaporation  rate  of  2.5  >  10:i  atoms/cm  Vs 
(  ~  10  monolayers/s ).’  Therefore cesiated converters can- 
n'''  maintained  at  elevated  temperatures  without  a  con¬ 
stantly  resupplying  Cs  to  the  surface.  When  the 
Cs/Cs.O/Cs.O  converter  was  kept  at  675  K  for  long  per- 
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iodsof  time  (  >  10  min),  the  yield  did  not  recover  fully,  sug¬ 
gesting  that  some  components  of  the  coating  may  have  evap¬ 
orated. 

Yields  above  10  :  can  be  obtained  at  H  oven  tempera¬ 
tures  above  2520  K.  The  highest  measured  yield  was 
1.6X  10  :  at  an  oven  temperature  of  2667  K,  while  the  low¬ 
est  measured  yield  was  2. Ox  10  '  at  an  oven  temperature  of 
2035  K.  Above  2500  K,  the  electron  to  ion  ratio  is  less  than  1 
and  remains  fairly  constant,  while  at  temperatures  below 
2470  K  the  electron  to  ion  ratio  increases  exponentially  up  to 
a  value  of  6.6  e  /ion  at  a  temperature  of  2045  K. 


D.  Cesiated  molybdenum  converter 

The  final  type  of  conv  erter  which  was  investigated  w  as  a 
partially  cesiated  polycrystalline  Mo  converter.  The  lowest 
attainable  work  function  for  a  submonolayer  of  Cs  on  poly- 
crystalline  Mo  is  1.55  eV. "  In  t hi  >  experiment  we  replaced 
the  Cs.CO.  evaporation  source  with  a  Cs  dispenser.  "  The 
Cs  flux  incident  on  the  converter  w  as  determined  by  heating 
the  Mo  converter  ribbon  above  the  critical  temperature  for 
complete  ionization  of  all  the  incident  Cs  atoms.'1  and  mea¬ 
suring  the  saturated  Cs  ion  current  density  leaving  the 
converter.  This  saturation  value  corresponded  to  the  inci¬ 
dent  Cs  neutral  flux.  Cs  fluxes  to  the  converter  ranging  from 
101 '  to  !()"'  atoms/cnr  /s  could  be  obtained. 

In  order  to  obtain  the  optimum  H  yields  it  was  necessary 
to  heat  clean,  and  sputter  clean  the  Mo  ribbon.  The  proce¬ 
dure  used  was  similar  to  that  used  with  theCs,  CO;  evapora¬ 
tion  source.  The  Mo  ribbon  was  initially  heated  to  1360  K 
for  5  to  10  min  in  the  presence  of  H, .  and  atomic  hydrogen, 
with  no  Cs  vapor  incident  on  the  converter.  Approximately 
2  min  before  cooling  the  Mo  ribbon,  the  Cs  source  was  heat¬ 
ed  up  to  its  operating  temperature  corresponding  to  a  flux  of 
10"  Cs  atoms/cnr/s  to  the  converter.  With  the  Cs  source  at 
operating  temperature  the  Mo  ribbon  was  rapidly  cooled 
down  by  shutting  of  the  heating  current,  and  simultaneously 
the  W  anode  mesh  was  heated  up  to  1200  K  to  ionize  a 
fraction  of  ihe  incident  Cs  neutral  flux.  As  the  target  cooled 
it  was  bombarded  with  6  //A/cm  of  Cs  ions  at  300  V 
extraction  energy  for  approximately  5  min.  During  the  Cs 
ion  bombardment  the  H  current  grew  to  a  steady  state 
value  dictated  by  the  incident  H  atom  temperature,  and  by 
the  steady  state  coverage  produced  on  the  surface  by  ion 
bombardment  After  5  min  of  ion  bombardment  the  W  mesh 
was  cooled  down  and  the  converter  was  coated  with  Cs  va¬ 
por.  The  H  ion  current  increased  to  a  maximum  value  cor¬ 
responding  to  an  optimum  Cs  coverage,  followed  by  a  con¬ 
tinuous  drop  in  the  current  as  the  converter  became  over 
cesiated 

Yields  were  calculated  using  the  peak  value  of  the  H  ion 
current  obtained  after  sputtering,  for  several  different  oven 
temperatures.  The  yield  ranges  from  6  ■  10  at  2640  K. 
down  to  1  •  10  '  at  201 3  K.  These  yields  match  very  closely 
with  previous  measurements  of  the  H  yields  from  cesiated 
Mo  converters,  where  a  heated  tungsten  mesh  was  used  as 
the  source  of  atomic  hydrogen.  T  he  ratio  of  ions  to  elec¬ 
trons  varies  from  0.65  o  /ion  at  2640  K.  up  to  41  c  /ion  at 
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2013  K.  These  values  fall  in  between  those  for  the  Cs,0 
converter,  and  theCs, CO,  converter. 

IV.  DISCUSSION 

Theoretical  calculations  of  the  ionization  probability  of  H 
atoms  reflected  from  metal  surfaces  show  a  strong  depen¬ 
dence  of  the  ionization  probability  on  the  velocity  of  the 
reflected  atoms  when  the  escape  energy  is  close  to  the  bind¬ 
ing  energy  to  the  surface.1  ::  '1  Only  atoms  with  kinetic  ener¬ 
gies  great  enough  to  overcome  the  potential  barrier  due  to 
the  image  force  near  the  surface  can  escape  as  negative  ions. 
This  leads  to  a  cutoff  energy  below  which  the  ionization 
probability  rapidly  drops  to  0.  This  cutoff  energy  depends  on 
the  difference  between  the  work  function  and  the  electron 
affinity  level  of  hydrogen,  and  typically  lies  near  1  eV  for 
surfaces  of  interest  for  H  ion  production.  H  ions  which 
do  not  have  sufficient  energy  to  escape  from  the  surface  are 
trapped  and  eventually  recombine  to  form  H,  molecules  re¬ 
leasing  4.4  eV  per  molecule  at  the  surface.  This  recombina¬ 
tion  energy  is  sufficient  to  eject  electrons  from  a  surface  w  ith 
a  low  work  function. 

Due  to  the  trapping  of  low  energy  H  atoms,  only  the  atoms 
in  the  high  energy  tail  of  the  incident  distribution  contribute 
appreciably  to  the  H  ion  current.  The  observed  exponen¬ 
tial  dependence  of  the  H  yields  on  1/7'is  due  to  the  convo¬ 
lution  of  the  relatively  constant  ionization  probability  above 
the  cutoff  energy  with  the  incident  H  atom  distribution.  The 
fraction  of  atoms  in  the  incident  flux  distribution  (#/cnv/s) 
with  energy  greater  than  A',,  is  given  by  the  expression 

/( A  •>  A, , )  *  ( l  +  exp f  -  A’, , /k  T) .  ( 4 ) 

Using  Fq.  (4)  we  can  see  that  the  yields  shown  in  Fig.  (2). 
from  the  Cs/Cs.  O/Cs,  O,.  Cs/Mo.  and  Cs.CO,  targets 
correspond  to  A',,  1.45.  1.6.  and  2.15  eV.  respectively. 

Choosing  A',,  2.6  eV  for  BaO  gives  an  order  of  magnitude 

agreement.  The  values  of  A',,  correspond  to  all  atoms  with 
energies  above  Aj,  being  ionized  upon  reflection  from  the 
target. 

The  H  ion  yields  and  the  electron  to  ion  ratios  obtained 
from  the  four  different  converters  depended  strongly  on  the 
temperature  of  the  incident  atoms,  and  on  the  work  function 
of  each  converter.  At  an  H  oven  temperature  of  2670  K  the 
M  yield  from  each  of  the  targets  was:  5  •  10  'for  the  BaO 
converter  (<1*^2  eV);  8-10  1  for  the  Cs.CO,  converter 
( >t>  ~  1.7  eV);  8-10  '  for  the  Cs/Mo  converter  (<T>  —  1.55 
eV);  and  1.6-  10  for  the  Cs/Cs.O/Cs.O.  converter 
( <l>  ~  1  2  to  I  4  eV  )  The  electron  to  ion  ratios  at  an  H  oven 
temperature  of  2670  K  were:  0.65  c  /ion  for  the 
Cs/Cs,  O/Cs.  O.  and  Cs/Mo  converters;  2.2  e  /ion  for  the 
Cs.CO,  converter:  60  <■  /ion  for  the  BaO  converter 

Both  ihe  BaO.  and  the  Cs.CO,  converters  gave  substan¬ 
tially  lower  yields  than  the  Cs/Cs.O/Cs.O,  and  Cs/Mo 
converters,  and  these  converters  required  a  complicated  ac¬ 
tivation  procedure  to  obtain  the  optimum  yields.  The 
Cs/Mo  converter  has  the  disadvantage  that  the  optimum 
w  ork  function  depends  strongly  on  the  condition  of  the  Mo 
substrate,  and  on  the  thickness  of  the  Cs  coating  T  his  con¬ 
verter  also  requires  a  continuous  supply  of  Cs  to  the  surface 


in  order  to  maintain  the  desired  coverage  at  typical  operating 
conditions. 

The  Cs/Cs,  O/Cs,  O,  converter  has  the  lowest  work  func¬ 
tion  and  the  highest  yield  of  all  four  converters  tested.  This 
surface  has  clear  advantages  over  the  BaO,  Cs, CO,,  and 
Cs/Mo  converters.  The  coating  can  be  several  hundred  ang¬ 
stroms  in  thickness,  and  its  work  function  is  independent  of 
the  substrate  composition.  Cesium  oxides  have  a  lower  va¬ 
por  pressure  than  pure  Cs  making  them  more  stable  at  ele¬ 
vated  temperatures.  Additional  advantages  of  the 
Cs/Cs,  O/Cs,  O,  converter  are  that  it  is  highly  reproduc¬ 
ible,  stable  in  a  hydrogen  environment,  and  it  survives  for 
several  days  without  deterioration  in  diffusion  pumped 
vacuum  system.  The  stability  of  these  coatings  at  atomic- 
hydrogen  fluxes  above  10lh  atoms/cm  Vs  has  yet  to  be  deter¬ 
mined.  The  strong  dependence  of  the  H  yield  on  the  tem¬ 
perature  of  the  incident  atoms  suggests  that  significantly 
higher  yields  can  be  achieved  with  sources  producing  hy- 
perthermal  H  atoms  above  1  eV. 
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Solid  state  cesium  ion  guns  for  surface  studies  a) 
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Three  cesium  ion  guns  covering  the  energy  range  of  5-5000  V  are  described.  These  guns  use  a 
novel  source  of  cesium  ions  that  combine  the  advantages  of  porous  metal  ionizers  with  those  of 
aluminosilicate  emitters.  Ces  um  ions  are  chemically  stored  in  a  solid  electrolyte  pellet  and  are 
thermionicaily  emitted  from  a  porous  thin  film  of  tungsten  at  the  surface.  Cesium  supply  to  the 
emitting  surface  is  controlled  by  applying  a  bias  across  the  pellet.  A  total  charge  of  10.0  C  can  be 
extracted,  corresponding  to  greater  than  2000  h  of  lifetime  with  an  extraction  current  of  1 .0// A. 
This  source  is  compact,  stable,  and  easy  to  use.  and  produces  a  beam  with  >99.5  'T  purity.  It 
requires  none  of  the  differential  pumping  or  associated  hardware  necessary  in  designs  using 
cesium  vapor  and  porous  tungsten  ionizers.  It  has  been  used  in  ultrahigh-vaeuum  (UHV ) 
experiments  at  pressures  of  <  10  "’Torr  w  ith  no  significant  gas  load.  Three  different  types  of 
extraction  optics  are  used  depending  on  the  energy  range  desired.  For  low  -energy  deposition,  a 
simple  space-charge-limited  planar  diode  with  a  perveanceof  1  X  10  7  A/V1  7  is  used.  Current 
densities  of  1 0.0 /z  A/cm 7  at  the  exit  aperture  for  energies  >20  V  are  typical.  This  type  of  source 
provides  an  alternative  to  vapor  deposition  with  the  advantage  of  precise  flux  calibration  by 
integration  of  the  ion  current.  For  energies  from  50  to  500  V  and  typical  beam  radii  of0.5  to  0.2 
mm.  a  high  perveance  Pierce-type  ion  gun  is  used.  This  gun  was  designed  with  a  perveance  of 
1  >  10  'A/V'  ’  and  produces  abeam  with  an  effective  temperatureofO. 35  eV.  For  theenergy 
range  of  0.5  to  5  keV,  the  Pierce  gun  is  used  in  conjunction  with  two  Einzel  lenses,  enabling  a  large 
range  of  imaging  ratios  to  be  obtained.  Beam  radii  of  60  to  300  /im  are  typical  for  beam  currents  of 
50  nA  to  1 .0;/ A.  Results  are  presented  and  discussed  for  UHV  studies  of  ion  implantation, 
electronic  surface  changes  induced  by  adsorbates,  and  negative  secondary-ion  mass  spectrometry. 


INTRODUCTION 

It  is  well  known  that  the  work  function  of  a  metal  or  semi¬ 
conductor  surface  is  lowered  when  the  surface  is  covered 
with  a  suhmonolayer  deposit  of  cesium.1  '  This  effect  has 
been  used  in  cold  cathode  electron  sources.’  negative-ion 
sources,''  and  for  enhancing  the  secondary  negative-ion  yield 
of  atoms  and  molecules  ‘ 111  The  presence  of  cesium  greatly 
enhances  the  low-temperature  oxidation  and  nitridation  ki¬ 
netics  on  semiconductor  surfaces. "  1 

Cesium  may  be  deposited  on  surfaces  either  by  vapor 
deposition  or  an  ion  beam.  Vapor  deposition  sources  require 
shielding,  differential  pumping,  and  flux  calibration.  With 
an  ion  source,  the  incident  flux  is  determined  by  direct  mea¬ 
surement  of  the  target  current,  and  differential  pumping 
may  not  be  necessary.  On  the  other  hand,  space-charge  ef¬ 
fects  put  a  lower  limit  on  the  incident  ion  energy .  Cs  *  ion 
sources  are  typically  of  the  surface  ionization  type,  since  the 
ionization  potential  of  cesium  is  smaller  than  the  work  func¬ 
tion  of  most  surfaces.  Surface  ionization  sources  also  have  an 
inherently  low  beam  temperature. 

There  are  two  basic  types  of  Cs  '  surface  ionization 
sources  One  is  a  heated  porous  tungsten  plug  that  is  fed 
from  behind  with  cesium  vapor  from  a  hot  liquid-metal 
oven  11  "  It  has  a  high  current  density  and  low  beam  tem¬ 
perature,  with  the  disadvantages  of  differential  pumping  and 
problematic  routine  venting  due  to  pore  clogging.  A  second 
type  typically  consists  of  a  thin  layer  of  aluminosilicate  de¬ 


posited  on  a  heated  tungsten  base.  Cesium  ions  are  chemical¬ 
ly  stored  in  the  aluminosilicate  and  are  emitted  thermioni- 
cally.1'  This  arrangement  is  simpler,  and  no  differential 
pumping  is  required,  but  other  disadvantages  exist.  The 
emitting  surface  is  not  unipotential,  resulting  in  large  energy 
spreads,  and  the  amount  of  cesium  stored  in  the  thin  lay  er  is 
small. 

W’e  have  developed  a  cesium  ion  source  that  combines 
the  advantages  of  porous  metal  ionizers  and  aluminosilicate 
emitters. Cesium  ions  are  chemically  stored  in  a  solid  elec¬ 
trolyte  pellet  whose  emitting  surface  is  coated  with  a  porous 
thin  film  of  tungsten.  At  an  operating  temperature  of 
~  1000  °C  the  solid  electrolyte  is  a  good  conductor  of  cesium 
ions.  This  makes  it  possible  to  control  the  cesium  supply  to 
the  emitting  surface  by  a  voltage  applied  across  the  pellet. 
Cesium  ion  emission  occurs  on  the  surface  of  the  porous 
tungsten  cathode  by  surface  ionization.  This  source  is  clean, 
compact,  efficient,  and  is  compatible  with  any  vacuum  sys¬ 
tem  from  10  '  to  <  10  "’Torr. 

In  this  article,  we  first  describe  the  source  in  more  detail. 
W'e  then  discuss  three  types  of  extraction  geometries  using 
this  source.  For  energies  from  5  to  50  eV  a  space-charge- 
limited  planar  diode  geometry  is  used.  In  the  energy  range  of 
50  to  500  eV.  we  use  a  Pierce-type1  extraction  geometry. 
For  the  energy  range  of  0.5  to  5  keV.  this  Pierce  gun  is  fol¬ 
lowed  by  a  two-lens  optical  column.  Applications  of  these 
guns  are  also  discussed. 
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I.  Cs  SOURCE 

The  basic  element  of  this  source  is  a  cylindrical  pellet 
(0.5  cm  in  diameter  and  1  cm  long),  sintered  from  cesium 
mordenite  (Cs-M )  powder.  The  pellet  and  its  emission  char¬ 
acteristics  are  described  in  detail  elsewhere. Is  but  the  basics 
arc  as  follows.  Cs-M  is  a  solid  electrolyte  that  has  an  alumi¬ 
nosilicate  matrix  with  an  interchangeable  cation.  When 
heated,  Cs  '  ions  are  conducted  through  its  channel  struc¬ 
ture.  The  structure  has  a  two-dimensional  channel  system 
and  its  pore  size  is  about  6  A  in  diameter.  This  is  known  as 
large-port  mordenite. 

The  Cs-M  powder  [Cs,0Al:0,(Si0.)  „,)  is  obtained 
from  Na-M  (  Na:0Al:0,(  SiO, ) ,,, )  by  ion  exchange  "  and 
then  heating  to  1050  °C,  resulting  in  a  phase  transformation 
from  Na-.M  to  Cs-M  structure  It  is  then  crushed  and  ground 
to  a  particle  size  of  ~  1  /im.  pressed  in  a  cylindrical  die.  and 
sintered  at  1 3 50  C  for  3  h.  The  resulting  pellet  can  be  ma¬ 
chined  with  a  small  grinding  wheel  for  use  in  special  applica¬ 
tions. 

The  pellet  is  heated  by  an  alumina-coated  0.25-mm 
tungsten  filament  coiled  around  the  pellet.  In  order  to  re¬ 
duce  the  power  losses,  coaxial  Ta  shields  are  mounted 
around  the  filament.  The  entire  arrangement  is  placed  inside 
a  thin-walled  stainless-steel  tube  with  the  emitting  electrode 
at  one  end.  and  a  spring  loaded  compression  assembly  at  the 
other.  Figure  1  shows  this  assembly  as  used  with  the  Pierce 
electrodes  to  he  discussed  later.  Around  15-18  W  of  power 
are  required  to  achieve  an  operating  temperature  of  1000  °C. 
At  this  temperature,  the  Cs-M  is  an  ionic  conductor  with  a 
conductivity  of  ~  10  '  (Skni)  '. 

The  emitting  surface  of  the  pellet  is  sputter  coated  with  a 
thin  porous  tungsten  layer.  This  layer  improves  the  energy 


\  it.  !  (.Vsiiirn  source  ussctnbh  ilniwmg.  shown  wirh  the  Pierce  clec- 
I  roylc'  js  .m  example 
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spread  of  the  beam  by  prov  iding  a  unipotential  surface  for 
emission  and  prov  ides  a  means  to  supply  a  flux  of  ions  to  the 
emitting  surface.  By  coating  the  back  of  the  pellet  with  a 
thick  layer  of  platinum,  the  flux  of  cesium  ions  can  be  con¬ 
trolled  by  a  voltage  placed  across  the  pellet.  Cesium  diffuses 
through  the  porous  tungsten  film  to  the  emitting  surface, 
where  it  is  surface  ionized  and  extracted.  A  total  charge  of 
10.0  C  can  be  extracted  from  the  source.  This  corresponds 
to  greater  than  2000  h  of  lifetime  at  an  extraction  current  of  1 
//A. 

This  source  has  the  same  high  emission  current  density 
properties  as  the  porous  tungsten  ionizers.  In  its  present 
form,  we  have  extracted  up  to  30  mA/cnr  in  dc  steady-state 
operation.  However,  it  does  not  need  to  be  differentially 
pumped,  and  the  thin  tungsten  film  can  be  vented  repeatedly 
to  atmosphere  without  any  pore-clogging  problems,  which 
can  occur  with  thicker  porous  plugs.  In  addition,  the  cesium 
stored  in  the  Cs-M  is  stable  upon  repeated  exposure  to  atmo¬ 
sphere  and  can  be  handled  without  any  special  precautions 
or  dangers,  unlike  tiie  liquid-melal-based  sources. 

The  time  needed  to  degas  the  source  is  ~  1  day  at  a  pellet 
temperature  s  1 100  °C.  Once  outgassed,  there  is  no  discern¬ 
ible  gas  load  at  a  pressure  of  <  10  Torr.  and  the  source 
may  be  operated  without  changing  the  system  pressure. 
After  the  initial  break-in  period,  the  source  is  normally  kept 
hot  (~500°C).  eliminating  start-up  outgassing.  and  pre¬ 
venting  adsorption  of  contaminants  on  the  gun  assembly.  It 
has  been  reported  that  zeolite  sources  are  gassy  and  easily 
contaminated  by  active  gases,4  but  we  have  not  found  this  to 
be  a  problem  with  our  arrangement. 

The  beam  produced  by  an  early  version  of  this  source 
contained  <  0.40rz.  Rb  .  <  0.05rf  K  .  and  ^  ().()2rz  Na  ' . 
The  relativ  ely  high  percentage  of  Rb  '  was  due  to  Rb  impuri¬ 
ty  in  the  CsCl  (99T  pure )  used  in  the  ion-exchange  process. 
This  form  of  contamination  has  been  seen  before'1  and  is 
greatly  reduced  by  using  higher-purity  CsCl  (t>9.9rr ). 


II.  EXTRACTION  GEOMETRIES  AND  RESULTS 
A.  Planar  diode 

For  deposition  energies  from  5  to  50  eV.  a  planar  diode 
extraction  geometry  is  used.  The  source  is  assembled  as 
shown  in  Fig.  I.  with  the  substitution  of  planar  electrodes  for 
the  Pierce  electrodes.  The  emitting  end  of  the  pellet  is  ma¬ 
chined  with  a  small  step,  such  that  the  emitting  surface  is 
flush  with  the  exterior  of  the  electrode  surface.  The  extrac¬ 
tion  electrode  is  spaced  0.75  mm  from  the  pellet  surface  and 
has  a  tungsten  mesh  spot  welded  over  the  extraction  aper¬ 
ture  in  order  to  provide  a  uniform  field.  The  theoretical  per- 
veance  of  this  planar  diode  arrangement  is  1  ■  10  A/V"  . 
Target  currents  1  //A  at  energies  <-  20  V  are  typical.  This 
gun  has  been  used  in  studies  of  electronic  surface  changes 
induced  in  silicon  by  cesium  deposition,  where  it  is  seen  to 
be  fully  equivalent  to  a  vapor  deposition  source,  with  the 
adv  antage  of  precise  calibration  of  the  flux  by  integration  of 
the  ion  current  and  other  advantages  described  previously. 
Results  of  this  study  include  the  attainment  of  a  work  func- 
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tion  equal  to  0.9  eV  by  Cs  ’  bombardment  and  oxygen  coad¬ 
sorption  and  experimental  support  for  an  asymmetric  dimer 
model  for  the  sputter-cleaned  and  annealed  Si C 100)  target. 

B.  Pierce  gun 

For  energies  from  50  to  500  V,  a  Pierce-type17  7  *  extrac¬ 
tion  system  of  our  own  design  is  used,  as  shown  in  Fig.  1 .  It 
consists  essentially  of  three  conical  sections:  two  for  the  fo¬ 
cus  electrode  and  one  for  the  extraction  electrode.  The  ana¬ 
lytic  solution  for  the  field  in  a  spherically  convergent  ion  gun 
has  been  worked  out  in  detail. 74  It  gives  a  complete  represen¬ 
tation  of  the  potential  distribution  at  the  beam  edge  with  the 
perveance,  convergence  angle,  and  radius  of  curvature  of  the 
cathode  as  parameters.  The  perveance  ( P )  is  defined  from 
the  Child-Langmuir  equation  for  space-charge-limited  flow 
in  a  diode, 

/  =  PV  *  -\  ( 1 ) 

and  is  determined  for  a  given  setup  only  by  geometric  fac¬ 
tors.  The  design  values  were  as  follows:  a  perveance  of 
1 .0  x  10  ''  A/V '  :,  a  convergence  angle  of  1 1.8°.  and  a  cath¬ 
ode  radius  of  9.76  mm. 

A  computer  program  written  in  house  is  used  to  deter¬ 
mine  the  potential  distribution  at  the  beam  boundary  for  a 
given  electrode  configuration.  This  calculation  is  subject  to 
the  boundary  condition  that  the  gradient  of  the  potential  at 
the  beam  edge  be  parallel  to  that  edge,  and  to  boundary  con¬ 
ditions  at  the  electrode  surfaces.  The  program  uses  a  triangu¬ 
lar  grid,  which  allows  'he  density  of  grid  points  to  be  adjust¬ 
ed  to  give  greater  accuracy  in  the  regions  of  higher  field.  This 
method  gives  good  accuracy  without  requiring  excessive 
computation  time.  The  angles  of  the  electrodes  are  varied 
until  the  error  between  the  computed  beam-edge  potentials 
and  the  analytic  values  is  less  than  1  cc.  These  computer  cal¬ 
culations  indicate  that  a  deviation  in  the  angle  of  the  elec¬ 
trode  surface  in  contact  with  the  emitter  of  as  little  as  1° 
results  in  an  average  error  close  to  the  emitter  of  4.5 c/t. 

The  emitting  surface  of  the  pellet  is  placed  in  electrical 
contact  with  the  beam-forming  electrode  of  the  Pierce  gun  as 
shown  in  Fig.  1.  The  aperture  in  the  extraction  electrode  is 
covered  with  an  84CF  transmitting  W  mesh  to  remove  aber¬ 
ration  and  divergent  lens  effects.7  *  The  electrodes  are  assem¬ 
bled  on  a  mounting  jig  and  are  then  secured  and  insulated  by 
glass  rods.  The  rods  are  mounted  by  heating  them  until  they 
are  soft  and  inserting  the  electrode  supports  into  them.  The 
machining  accuracy  of  the  focus  electrode  is  critical  to  ob¬ 
tain  an  acceptable  beam.  We  have  seen  experimentally  that 
an  electrode  with  a  T  error  results  in  a  source  that  is  drasti¬ 
cally  different  and  in  complete  disagreement  with  the  in¬ 
tended  design.  The  electrodes  used  in  this  gun  have  an  angu¬ 
lar  error  of  0.5". 

In  Fig.  2,  the  /- F  characteristics  are  shown  for  several 
temperatures.  A  perveance  of  1.2  ■  10  ’’  A/V’  is  experi¬ 
mentally  determined  from  the  slope  of  these  lines.  The  low- 
est-temperature  data  illustrates  the  effect  of  sample  bias.  For 
zero  bias,  the  current  increases  as  V  '  .  as  it  should  for  space - 
charge-limited  emission  However,  at  ~  100  V  the  rate  of 
increase  begins  to  drop,  indicating  that  the  current  is  becom¬ 
ing  emission  limited.  With  the  proper  bias  voltage  placed 


10  100 
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Fl<;.  2.  Current-vs-voltage  characteristics  for  the  Pierce  gun  at  several 
source  temperatures.  The  920  °C  curve  illustrates  the  effect  of  sample  bias. 


across  the  pellet,  the  emission  increases  to  its  space-charge- 
limited  value. 

The  theoretical  value  for  the  position  of  minimum  beam 
radius,  taking  only  space  charge  into  account,7’  is  10.9  mm 
from  the  cathode  surface.  The  actual  focal  point  varies 
slightly,  from  10.5  mm  at  100  V  to  1 1.5  mm  at  500  V.  The 
beam  radius  at  the  focal  point  is  measured  by  passing  a  Fara¬ 
day  cup  with  two  slits  a  known  distance  apart,  across  the 
beam.  The  beam  radius  is  then  determined  by  measuring  the 
peak  half  width  at  half  maximum  and  calibrating  using  the 
known  slit  distance.  In  Fig.  3  are  plotted  experimental  data, 
showing  the  beam  radius  at  the  focal  point  versus  beam  ener¬ 
gy.  The  solid  line  represents  the  equation 

R  =f(T /-£/)’'■  +  A.  (2) 

where  R  is  the  beam  radius  at  the  focal  point. /is  the  focal 
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distance,  /'is  the  effective  beam  temperature  in  eV,  V  is  the 
beam  energy,  and  A  is  the  spread  due  to  space  charge.  The 
only  variable  parameter  in  this  equation  is  the  effective  beam 
temperature.  All  the  other  values  are  known.  This  equation 
is  arrived  at  by  assuming  that  the  beam  starts  off  with  a 
Maxwellian  distribution  of  initial  transverse  velocities.  The 
value  for  the  spread  due  to  space  charge  can  be  calculated' ' 
and  is  found  to  be  A  —  O.OSo  mm.  Using  /  as  a  fitting  param¬ 
eter  we  obtain  the  curve  shown  in  Fig.  3  for  an  effective  beam 
temperature  of  0.35  eV.  This  is  to  be  compared  to  the  actual 
temperature  of  0. 1 1  eV.  The  fact  that  this  effective  spread  is 
greater  than  the  true  thermal  spread  can  be  attributed  to 
deviations  from  true  Pierce  geometry  caused  by  a  combina¬ 
tion  of  design  (  <  Uv  )  and  machining  (  <0.5°)  errors. 

This  gun  has  been  used  in  studies  of  composite  thin-film 
production  by  ion  bombardment.''  Results  show  the  rela¬ 
tionship  between  steady-state  surface  concentration  of  Cs. 
incident  energy,  and  substrate  mass. 


C.  High-energy  gun 

lor  energies  from  0.5  to  5  keV,  the  Pierce  gun  described 
in  Sec.  IIP  is  mated  to  an  optical  column  consisting  of  two 
Einzel  lenses  of  the  three-tube  type.  This  column  is  depicted 
schematically  in  Fig.  4.  It  consists  of  an  initial  aperture  that 
is  mounted  at  the  Pierce  gun  focal  point.  This  aperture  is 
then  imaged  by  a  condenser  lens  to  a  point  inside  a  drift  tube, 
at  the  end  of  which  is  a  beam-limiting  aperture.  The  ions  that 
pass  this  aperture  are  then  focused  to  the  sample  by  an  objec¬ 
tive  lens  and  rastered  by  deflector  plates  mounted  after  the 
lens.  Basic  optics  yields  the  imaging  ratio’'’  (see  Tig.  4): 

(i__  />_,  lu  _  _Ik _  ( 

d,  </,  a.  a ,/((■/ b ,  1 ) 

Bv  changing  the  strength  of  the  condenser  lets,  the  f  c  ! 
point  />,  inside  the  drift  tube  is  changed.  If  this  focal  point  is 
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close  to  the  aperture  at  the  end  of  the  tube,  a  large  beam 
diameter  and  high  beam  current  result  If  the  focal  point  is 
close  to  the  condenser  lens,  a  small  beam  diameter  with  low 
beam  cut  rent  is  obtained.  By  this  method,  a  wide  range  of 
imaging  ratios  is  covered. 

An  approximate  relation  for  the  beam  radius  as  a  func¬ 
tion  of  beam  current  is  deriv  ed,  " 

R  =  '[(4///i)  (-«)  -  -i-  (  C;«*)/4] 1  (4) 

where  it  is  the  convergence  half  angle  and  p  is  the  beam 
brightness,  defined  in  A  cm  ’  sr  ’.  C\  is  the  spherical  aber¬ 
ration  coefficient.  Because  of  the  intrinsically  low  energy 
spread  of  the  source,  we  can  ignore  chromatic  aberrations.  If 
we  know  the  optical  properties  of  the  lens  column,  we  can 
then  determine  the  brightness.  In  Fig.  5.  experimentally  de¬ 
termined  values  for  beam  radius  versus  beam  current  are 
shown  fora  beam  energy  of  2.5  keV.  The  solid  line  is  a  plot  of 
Eq.  (3)  using  the  estimated  values-’  a  =  1.17  •  10  :  rad 
and  C,  =  100  cm  and  using  /i  as  a  fitting  parameter.  The 
brightness  value  for  a  best  fit  is  found  to  be  ft  -  1.0  A/ 
enr  sr.  We  are  currently  developing  a  microprobe  ion  gun 
using  a  version  of  this  same  source  that  will  hav  e  an  estimat¬ 
ed  brightness  an  order  of  magnitude  larger. 

This  gun  has  been  used  for  implantation  studies,  and  for 
negative  secondary-ion  mass  spectrometry  (SIMS).  Im¬ 
plantation  studies  were  undertaken  to  provide  ev  idence  for  a 
simple  model  developed  for  formation  of  composite  thin 
films  by  ion  bombardment  '  Calculated  concentration  pro¬ 
files  were  found  to  match  qualitatively  the  experimental 
SIMS  denib  profiles.  Negative  SIMS  studies  indicate  that 
ushu  ce-mn  as  a  primary  bombarding  ion  enhances  the 
yield  of  atoms  and  molecules  with  high  electron  affinity.'11" 
In  Fig.  6.  the  ratio  of  "Si  yield  due  to  Cs  '  ion  bombard¬ 
ment  to  the  yield  due  to  xenon  bombardment  is  shown  as  a 
''unction  of  Cs  dosage.  Xenon  is  used  because  its  mass  is 
essentially  the  same  as  that  of  cesium:  thus  only  the  electro¬ 
chemical  differences  will  affect  the  results.  The  data  show  a 
gradual  increase  as  a  function  of  dose,  which  is  attributed  to 
foi  mation  of  a  thin  layer  of  cesium,  as  described  in  a  previous 
paper.  '  At  steady  state,  the  yield  levels  off  at  a  value  50 
times  greater  than  that  due  to  xenon  bombardment. 
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Fill.  6.  Ratio  of  the  SIMS  yield  of  negative  "Si  under  cesium  ion  bombard¬ 
ment  to  the  yield  under  xenon  bombardment  as  a  function  of  cesium  ion 
dose.  Bombarding  energies  were  both  4  keV. 


III.  SUMMARY 

We  have  developed  a  solid-state  cesium  ion  source  that 
can  be  used  in  a  variety  of  extraction  geometries.  It  is  clean, 
compact,  and  is  compatible  with  a  wide  range  of  system  pres¬ 
sures. 

Applications  described  in  this  paper  are  low-energy 
bombardment  as  an  alternative  to  vapor  deposition,  studies 
of  low-  and  high-energy  bombardment  and  implantation, 
and  negative  SIMS.  Studies  of  low-temperature  oxidation 
and  nit ridat ion  promoted  by  cesium  deposition  are  in  prog¬ 
ress. 
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A  new  solid-state  cesium  ion  source 
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(  Received  18  May  1989;  accepted  for  publication  1  December  1989) 

A  novel  C's  '  ion  source  combining  the  advantages  of  porous  metal  ionizers  with  those  of  zeolite 
emitters  has  been  developed.  Cesium  ions  are  chemically  stored  in  a  cesium-mordenite  solid 
electrolyte  (Cs-M  SE)  pellet  whose  emitting  surface  is  coated  with  a  porous  tungsten  thin  film. 
Cesium  supply  to  the  emitting  surface  is  controlled  by  a  voltage  applied  across  the  solid 
electrolyte  pellet.  Cs  ‘  ion  emission  takes  place  on  the  surface  of  the  porous  tungsten  electrode 
by  surface  ionization.  The  ionic  conductivity  of  Cs  '  ion  in  the  Cs-M  SE  is  of  order  of  10 
II  cm  1  at  1000  CC.  The  interface  properties  between  electrolyte  and  electrodes  play  a  major 
role  in  the  cesium  ion  source.  The  cathode  electrode  interface  (emitting  electrode)  determines 
the  stability  of  the  supply  current  density  to  the  emitting  surface.  The  lifetime  of  the  source  is 
found  to  depend  on  the  anode  interface.  In  a  steady-state  operation,  an  ion-emission  current 
density  of  t he  order  of  20  mA/cnr’  has  been  extracted  for  30  h  at  a  total  ion-emission  current 
of  100 //A  at  1000  °C.  This  corresponds  to  10  C  of  extracted  charge. 


I.  INTRODUCTION 

Cesium  ions  are  widely  used  in  secondary  ion  mass  spec- 
troscopy1  (SIMS)  in  the  production  of  negative  hydrogen 
ions  by  surface  conversion,  and  in  sources  of  cold  elec¬ 
trons.  etc.  There  are  two  basic  types  of  Cs  ion  sources 
presently  available:  porous  metal  ionizer.1'  shown  in  Fig. 
1(a).  and  zeolite  emitter."  Fig.  1(b). 

Recently  a  novel  solid  source  of  Cs  ions  has  been  de¬ 
veloped  in  this  laboratory  .  s  It  combines  the  advantages  of 
porous  metal  ionizers  with  those  of  zeolite  emitters.  A  sche¬ 
matic  diagram  of  the  cesium  ion  source  is  shown  in  Fig. 
1(c).  Cesium  ions  are  chemically  stored  in  a  cylindrical  pel¬ 
let  of  cesium-mordenite  solid  electroly  te  (Cs-M  SE).  The 
pellet  is  operated  at  a  temperature  of  about  1000  °C.  At  this 
temperature.  Cs-M  is  a  good  ionic  conductor  for  Cs  '  ions.  A 
porous  tungsten  thin  film  (about  1  //m  in  thickness)  is  sput¬ 
ter  deposited  on  one  circular  face  of  the  pellet  while  the  an¬ 
ode  is  provided  with  a  thick  platinum  coating.  Cesium  ions 
are  driven  to  the  porous  electrode  by  the  biasing  current 
across  the  electroly  te  which  is  controlled  by  the  biasing  vol¬ 
tage  U,. .  The  cesium  atoms  diffuse  through  the  porous  tmig 
sten  electrode  to  its  surface  where  they  are  emitted  as  ions  or 
neutrals  depending  on  the  work  function  of  the  surface.  The 
emitted  ions  arc  accelerated  by  the  voltage  C,  applied  be¬ 
tween  the  emission  surface  and  the  accelerator  electrode.  In 
this  way  .  we  could  achieve  a  high  performance  solid-state 
cesium  ion  source  which  has  the  current  density  of  a  porous 
metal  ionizer  and  the  simplicity  of  a  zeolite  emitter.  In  this 
paper  we  present  experimental  studies  of  the  Cs-M  SE  and 
porous  tungsten  electrode  sy  stem.  The  theory  of  the  melal- 
solid  electroly  te  interface  has  been  published  elswhere.  ’ 

In  the  first  part  of  this  paper,  material  aspects  of  the  Cs- 
M  SF  such  as  structural  and  chemical  properties  and  prep¬ 
aration  of  the  pellet  and  of  the  electrodes  will  be  discussed.  In 
the  second  part,  the  effects  of  the  interface  properties  on  the 
ion  transport  from  the  electrolyte  to  the  emitter  surface  will 
be  presented.  Finally,  measurements  of  cesium  ion  and  neu¬ 
tral  emission  will  be  discussed. 


II.  CESIUM-MORDENITE  SOLID  ELECTROLYTE 
(Cs-M  SE) 

A.  Cesium  mordenite  (Cs-M) 

Cs-M  is  a  synthetic  zeolite  of  formula  Cs-O  AI, 
OolOSiO.  (unit-cell  formula  is  4CV 1  ( AK), )  •  (  SiO- ),  | ) 
which  has  an  aluminosilicate  matrix  with  an  interchange¬ 
able  cation.  The  structure  of  Cs-M  consists  of  a  single-laver 
framework  containing  tiv  e-membered  rings  of  the  A1  and  Si 
tetrahedra.  It  has  a  two-dimensional  channel  system  with 
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pore  size  about  6  A  in  diameter.  This  is  known  as  the  large- 
port  mordenite. 1 ' 

1.  Ion  exchange 

The  Cs-M  powder  is  formed  from  Na-M  powder 
(8-Na-{(A10?)-(Si0),})  (large-port  Na-M,  Union  Car¬ 
bide,  Inc.)  by  the  ion-exchange  method.1  The  sodium  ca¬ 
tion  is  exchange  for  cesium  in  a  CsCl  acid  solution.  Ion  ex¬ 
change  is  done  by  the  following  method:  3 1  g  of  Na-M  pow  ¬ 
der  in  a  2  M  CsCl  solution  is  heated  at  about  K()CC  with 
magnetic  stirring  for  several  days.  The  solution  is  filtered 
through  a  vacuum  frit  (5  // m)  and  the  residual  powder  is 
tlried  in  a  hot  vacuum  oven  (200  C). 

2.  Phase  transformation 

The  ion-exchanged  Cs-M  is  in  an  unstable  phase  both 
chemically  and  structurally.  Chemical  analysis  (Tabic  I) 
shows  that  the  ion-exchanged  Cs-M  contains  more  cesium 
than  the  stoichiometric  value  as  well  as  residual  sodium.  X- 
ray  powder  diffraction  of  the  ion-exchanged  powder  shows 
that  it  still  has  a  Na-M  structure.  It  has  been  found  that  the 
structural  change  to  Cs-M  occurs  after  firing  the  powder 
above  1050  C.  After  transformation,  Cs-M  is  stable  in 
chemical  composition  (Table  I). 

By  differential  thermal  analysis  (DTA),  two  exother¬ 
mic  reactions  are  observed  at  1050  C  and  1420  'C.  The  for¬ 
mer  one  is  due  to  the  phase  transformation  (  Na-M  structure 
to  Cs-M  structure)  and  the  latter  is  due  to  glass  transforma¬ 
tion  ( melting). 

3.  Pellet  preparation 

The  ion-exchanged  Cs-M  powder  is  fired  at  1050  "C. 
The  recrystallized  Cs-M  is  crushed  and  ground  in  a  high- 
purity  zirconia  ball  mill.  The  particle  size  of  the  Cs-M  pow¬ 
der  is  controlled  by  the  grinding  time  in  the  ball  mill.  After 
grinding,  the  powder  is  dried  in  a  hot  vacuum  oven  ( 200  °C ) 
and  it  is  press  formed  in  a  hardened-steel  cylindrical  plunger 
(02)5  cm  in  diameter)  at  a  pressure  of  about  200  atm.  The 
cylindrical  pellet  is  sintered  at  1350  °C  for  3  h.  The  final 
density  of  the  pellet  depends  on  the  particle  size  and  also  on 
the  sintering  time  and  temperature.  At  a  sintering  lempera- 
tureand  time  given  above,  the  densities  ofthe  sintered  pellets 
vary  in  the  range  of  2.00-2.6  g/cm'  for  presintered  particle 
sizes  from  3  to  I  //m.  Theoretical  density  ofthe  Cs-M  is  2. S3 
g/cm 

B.  Electrode  preparation 

I  lie  emitting  cathode  is  made  by  sputter  deposition  of 
tungsten  \  'node  magnetron  sputter  source  i  I  M  SimurJ 
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Inc. )  has  been  used.  To  obtain  a  porous  thin  film,  high  pres¬ 
sure  (about  30  mTorr)  of  argon  gas  has  been  used.  The  de¬ 
position  rate  of  the  thin  film  is  about  2  A/s  at  a  target  current 
density  of  0.5  A/cnr.  and  a  target  voltage  of  500  V  ,  .  The 
thin  film  has  a  submicron  size  of  pores  and  pore  density  of 
the  order  of  3  >  10s  /cnv.  SF.M  pictures  ofthe  porous  tung¬ 
sten  thin-tilm  electrode  are  shown  in  Fig.  2. 

The  anode  electrode  is  prepared  by  applying  platinum 
paste  (  Engelhard ).  Thick  platinum  paste  is  painted  and  it  is 
cured  at  8()0  °C  for  2  h. 

C.  Ionic  conductivity 

In  Cs-M  SF.  Cs  is  the  only  mobile  charge  moving 
through  the  negatively  charged  matrix  skeleton  by  the  hop¬ 
ping  mechanism.'  ’  Figure  3  shows  the  temperature  depend- 
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encc  of  the  cesium  ion  conduction.  The  ionic  conductivity  g 
has  an  Arrhenius-type  dependence  on  the  temperature; 
g  =  gn  exp  —  ( AC"/A  /').  The  activation  energy  of  the  ionic 
conduction  AG"  is  found  to  he  0.71  eV/ion.  The  effect  of  the 
current  on  the  conductivity  is  negligible  in  the  current  den¬ 
sity  range  up  to  1  mA/cnv  .  A  slight  decrease  of  conductivity 
has  been  seen  in  the  high-current  range  (  >  1  mA/cm  ). 

III.  ION  TRANSPORT  ACROSS  THE  INTERFACE 
A.  Interface  process 

A  comprehensive  theory  of  the  metal-SE  interface  has 
been  presented  elsewhere.'1  Distribution  of  the  space 
charge  and  the  potential  across  the  interface  are  shown  in 
Figs.  4(a)  and  4(b).  The  electrified  interface  (i.e..  double 
layer)  consists  of  the  inner  layer  and  the  diffusion  layer. 
Those  layers  are  equivalent  to  a  series  connection  of  two 
capacitors. 


surface  charge 


IK  i  4  Ma/tnficil  interface  helueen  the  metal  elect  rode  and  solid  electro- 
kte  'a  i  Space-charge  distribution  >n  the  interlace  double  |.n;r.  ih)  poten¬ 
tial  dist  i  ihution 


1.  Current  interruption  method 

In  order  to  explore  the  interface  pre  perties.  the  current 
interruption  method"  is  employed,  using  the  circuit  dia¬ 
gram  given  in  Fig.  5.  The  cathode  and  the  reference  electrode 
are  electrically  separated  by  a  groove  in  the  porous  tungsten 
thin  film.  The  pellet  is  heated  with  the  tungsten  filament  and 
placed  inside  the  cylindrical  cavity  in  the  pellet  A  constant 
current  source  has  been  used.  The  interruption  ofthecurrent 
is  controlled  by  a  mercury  relay  with  a  response  time  of  less 
than  10  s.  The  potential  of  the  cathode  with  respect  to  the 
reference  electrode  is  measured  by  an  electrometer  and  the 
output  signal  from  the  electrometer  is  plotted  with  a  high¬ 
speed  strip  chart  recorder. 

The  current  interruption  method  is  a  technique  of  con¬ 
stant  current  interruption  chronopotentiometry .  A  constant 
current  is  applied  between  the  anode  and  the  cathode.  [  Fig. 
6(a)  | .  Since  the  reference  electrode  is  not  affected  by  the 
biasing  current,  the  dependence  of  the  electrochemical  prop¬ 
erties  such  as  current-overpotential  characteristics  and  the 
capacitances  of  the  double  layer  could  be  obtained  by  mea¬ 
suring  the  potential  difference  between  the  reference  elec¬ 
trode  and  the  cathode  electrode.  The  schematic  diagram  of 
potential  transient  by  current  interruption  is  shown  in  Fig. 
6(b).  The  abrupt  drop  of  the  potential  is  the  potential  drop 
across  the  bulk  of  the  electrolyte  ( i.e..  ohmic ).  The  transient 
of  the  potential  is  the  interface  potential  ( i.e..  electrochemi¬ 
cal  ov  erpotential ).  Two  different  time  constants  of  the  inter¬ 
face  potential  decay  have  been  observed.  It  is  believed  that 
this  is  the  effect  of  the  double  layer  (i.e..  inner  layer  and 
diffusion  layer)  at  the  interface. 

2.  Electrode  reaction 

There  are  charge-transfer  reactions  on  both  of  the  elec¬ 
trodes. 

(anode)  Cs-M  =  Cs  '  +  M  =  Cs  +  M  +  e.  (la) 

(cathode)  Cs  *  -f  e  =  Cs°.  (lb) 

where.V/  is  the  matrix  anion  [  (AIO:)  •  (SiO;h  ]  .Electric 
field  is  applied  between  the  anode  and  cathode  electrodes. 
Cathode  electrode  is  the  emitting  electrode  in  cesium  source 
arrangement  as  shown  in  Fig.  1(c).  On  the  anode,  the  matrix 
anions  ( M  )  are  deionized  and  the  electrons  are  transferred 


1  l<  i  5  Schematic  diagram  of the  conducln  iiv  anil  interlace  pouaili.il  nii'a- 
Mircmcuts  lialli.uk  a  ml  icki  cnee  ckvl  o  uka  are  draw  a  in  large  sea  le  oil  1  la 
upper  Ictt-liaml  sulel 
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aiUH.li'  metal  elect mclc  as  indicated  in  I:.c|.  (  la ).  Cs  tons  are 
driven  to  the  cathode  and  neutralized  on  the  cathode  as  in 
Eq.  i  lb)  Ihe  neutralized  cesium  atoms  diffuse  through  the 
porous  tungsten  cathode  to  its  surface  where  they  evaporate 
as  either  ions  or  atoms. 

B.  Cathode  interface 

At  the  cathode  interlace,  cesium  ions  are  accumulated 
and  a  double  layer  is  formed.  The  measured  current -oxerpo- 
tential  characteristics  for  the  cathode  by  using  current-inter¬ 
ruption  method  are  presented  in  Fig.  7.  In  order  to  compare 
the  results  with  Ref.  10,  the  measured  current  density  is  nor¬ 
malized  to  the  exchange  current,  obtained  numerically  in 
Ref  10.  Fhe  exchange  current  is  only  a  function  of  tempera¬ 
ture.  A  good  agreement  between  theoretical  curves  and  ex¬ 
perimental  results  has  been  found.  The  limiting  current  den¬ 
sity  across  the  interface  is  about  the  same  as  the  exchange 
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current.  A  typical  limiting  current  density  of  the  order  of  1 
mA/cm  has  been  observed  at  1(XX)  °C. 

The  capacitances  of  the  double  layer  depend  on  tem¬ 
perature  and  current  density.  The  absolute  value  of  the  capa¬ 
citances  of  the  double  layer  could  not  be  measured  hv  the 
current  interruption  method,  however,  and  the  difference  of 
tile  capacitances  between  the  steady  state  ij  -■  0)  and  the 
equilibrium  state  (./  0)  could  be  obtained.  I  he  tv  picul  ca¬ 

pacitances  and  time  constants  (  at  11)00  C.J  50// A/ cm  ) 
are  found  to  be  of  the  order  of  millifarad  ami  minutes  for  the 
diffusion  layer  and  of  the  order  of  a  few  tens  of  microfarad, 
and  seconds  for  the  inner  layer 

C.  Cesium  diffusion  through  the  porous  tungsten 
electrode 

I  he  de  steady  emission  current  depends  on  the  steady 
supply  of  cesium  onto  the  surface  of  the  emitting  electrode 
As  seen  on  the  schematic  diagram  of  the  ion  source  |  Fig. 
1(c)  ).  the  supply  of  cesium  is  provided  by  the  biasing  cur¬ 
rent  in  the  electrolyte  and  cesium  diffusion  through  the  po¬ 
rous  tungsten  electrode.  Ihe  biasing  current  can  be  con¬ 
trolled  externally  by  the  biasing  voltage,  however,  and  the 
cesium  diffusion  through  the  porous  tungsten  electrode  de¬ 
pends  only  on  the  concentration  gradient  which  cannot  be 
controlled  externally  .  According  to  the  theoretical  results  of 
the  previous  paper,  high  coverage  (about  0.4  at  1000  C)  is 
found  on  the  tungsten  surface  at  the  interface  which  is  the 
inner  layer  m  Fig  at  a )  1  lie  high  coverage  of  cesium  on  the 
interface  automatically  enhances  the  cesium  diffusion 
through  porous  tungsten  electrode.  Cesium  diffusion 
through  porous  tungsten  lias  been  extensively  studied  1  1 

Since  our  emitter  is  a  line  porous  structure  ( submicron  pore 
diameter.  Fig.  2).  not  a  capillary  tube,  one  can  neglect  the 
gas  phase  transport.  The  equation  for  the  surface  d illusion  of 
cesium  through  porous  tungsten  is 

J  </(')•  A  (/•<'>•  J:-u  <r„  D )J.  <-> 

where  q  is  a  charge  of  an  electron.  P  is  the  number  of  the 
pores  in  a  unit  area  < <S  2.8  •  10'  cm  ).  A  is  the  cesium 
flu  x  per  one  pore,  a  is  the  pore  radius  ( a  -  0.05  //in )  it,,  is  the 
number  of  cesium  per  unit  area  in  a  tilled  monolayer  on 
tungsten  ( it,,  4  ■  10"  cm  ').  D  is  the  surface  diffusion 
coefficient  for  cesium  on  tungsten  ( I)  1.0  ■  10  'em  sat 
!  (XX)  °C).  and  0  is  the  coverage  of  cesium  on  tungsten.  As¬ 
suming  a  linear  gradient  of  cesium  coverage  through  the 
electrode  (i.e..  dO  /d.x  / 1.  I  being  the  thickness  of  the 
emitter  electrode.  1  // m  )  and  zero  coverage  on  the  emitting 
surface,  a  cesium  flux  density  J  corresponding  to  150  in  A/ 
enr  is  obtained  at  l(XX);C.  Thus  cesium  diffusion  through 
the  porous  tungsten  electrode  is  not  the  limiting  factor  for 
the  supply  of  cesium  onto  the  emitting  surface. 

D.  Anode  interface 

On  the  anode,  the  matrix  anions  (.1/  )  are  deionized 

and  the  electrons  are  transferred  to  the  anode-metal  elec¬ 
trode  as  seen  in  Eq.  ( lb).  Since  the  matrix  anions  are  fixed 
and  no  electron  conduction  occurs  in  Cs-M  SE.  there  is  a 
large  electric  field  needed  to  pull  the  electrons  to  the  anode 
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after  one  interface  layer  of  anions  is  depleted.  Figure  8  shows 
the  voltage  needed  to  draw  a  constant  current  measured  as 
function  of  the  amount  of  charge  passed  per  unit  area  of 
anode  surface.  The  sharp  increase  of  the  voltage  after  a  criti¬ 
cal  amount  of  charge  Q„  could  he  explained  by  the  depletion 
of  electrons  at  the  interface  layer  of  matrix  anions.  The  criti¬ 
cal  amount  of  charge  Q,,  depends  on  the  effective  area  of  the 
interface,  according  to  the  equation 

<r- I  (3) 

where  <r  is  the  charge  density,  1  is  the  average  interatomic 
distance  between  anions  which  is  about  7  A.  and  the  effective 
area  is  .  I  ,>  A  ■  •!,,(  where  A  is  a  constant  and .  is  a  geomet¬ 
rical  area )  The  constant  A  depends  on  the  porosity,  vv  Inch  in 
turn  depends  on  the  particle  si/e  <7,,  The  pore  volume  is 
proportional  to  d  "  '.  thus  the  incremental  factor  of  the  effec- 
tivcarea  A  is  linearly  proportmal  ton/  *  '  (i.e..  A  a  d.',  '). 
Ihc  value  of  a  5  0  ■  10  cm'  1  has  been  empirically  ob¬ 
tained  for  the  l-/nu  particle  si/e.  The  values  of  (3,,  for  the  2- 
and  3-//m  particle  si/c  calculated  by  using  F  q  (  5  )  are  show  n 
in  F  able  II.  The  calculated  values  reasonably  agree  with  the 
experimental  results  in  F  ig.  8. 

After  depletion,  the  current  depends  exponentially  on 
the  applied  potential  which  could  be  explained  by  the  elec¬ 
tron  tunneling  current  through  the  depleted  layer. Is  Thus 
the  lifetime  of  the  cesium  source  is  limited  by  the  anode  de¬ 
pletion  lifetime  of  the  order  of  10C  of  cesium  charge  (cor¬ 
responding  to  3(H)  h  of  operation  with  10 //  A )  can  be  easily 
obtained  by  using  about  5  cnr  anode  coating  area. 

IV.  ION  AND  NEUTRAL  EMISSION 

A.  Experimental  arrangement 

F  lic  schematic  diagram  of  the  measurement  of  ion  and 
neutral  emission  is  show  n  in  Fig.  ‘).  The  Cs-VI  pellet  is  heated 
to  its  operating  temperature  (  S00  to  1 200  C )  by  an  alumina- 
coated  tungsten  filament.  I  he  planar-diodc-ty  pe  arrange¬ 
ment  has  been  used  for  ion  extraction  and  the  spacing  be¬ 
tween  emitter  ami  extracting  mesh  (  145  •  145  tungsten 
mesh  )  is  0.2  cm.  A  Faraday  cup  is  used  to  measure  the  ion 
current  In  order  to  suppress  secondary  electrons  due  to  the 
Cs  ion  bombardment  of  the  cup.  a  retarding  field  is  applied 
in  front  of  the  cup  F  inis  the  current  to  the  Faraday  cup  is 
solely  due  to  the  ion-emission  current.  Cesium  neutrals  are 


TABI.F-  II  Calculation  of  critical  charge  for  anode  depletion. 
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1700  =C.  At  this  temperature,  all  the  neutrals  are  ioni/ed  so 
that  the  neutral  flux  is  equal  to  the  ion  current  produced  on 
the  hot  filament. 

B.  Surface  ionization 

On  the  emitter  surface.  Cs  '  ion  emission  takes  place  by 
surface  ionization.  The  surface  ionization  process  depends 
on  the  temperature  and  work  function  of  the  emitter  surface 
according  to  the  Sha-I  angnmir  surface  ionization  equation 

J../J  if.  exp[c(T  6)/kT\.  (4) 

where  J  and  J  are  neutral-  and  ion-emission  current  densi¬ 
ties.  respectively  ,  w  .  is  the  statistical  weight  ratio  of  atoms 
to  ions.  F  (  3»  eV)  is  the  ionization  potential  of  ce¬ 

sium.  and  6  is  the  workfunction  of  the  metal  electrode.  From 
the  slope  of  In  (J„/J.  ).  as  a  function  of  1/A  /  in  Fig.  10.  the 
effective  workfunction  of  the  emitting  tungsten  surface  is 
calculated  and  its  value  is  4.2  eV. 

C.  Dependence  of  Cs  ion  emission  on  cesium  supply 

In  a  steady-state  operation,  the  ion-emission  current 
density  must  be  equal  to  the  supply  current  density  .  Thus  the 
Cs  '  ion-emission  characteristics  have  to  be  studied  in  con- 
juctions  with  the  supply  of  cesium  to  the  emitter  surface.  In 
our  Cs  ion  source  arrangement  the  supply  is  limited  by  the 
limiting  current  density  across  the  interface  and  the  self- 
consistent  thermal  leakage  flux  across  the  interface.  In  order 
to  see  the  dependence  of  ion  emission  on  cesium  supply,  ion- 
emission  current  was  measured  as  function  of  extraction  vol¬ 
tage  with  and  without  cesium  supply  by  biasing  current 
across  the  electrolyte.  The  I-V  characteristic  of  ion  emission 
is  shown  in  Fig.  II.  In  the  low-voltage  range  where  a  space- 
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I  l<  i  in  |  cmpcniunv  dependence  of  the  cesium  ion  ami  neutral  emission. 


charge-limited  operation  should  he  in  effect,  emission  cur¬ 
rent  density  follows  the  Child  Langmuir  law. 

J  k  V '  7r/:.  (5) 

where  A  4.7  •  10  ’’  V  A  cm  for  cesium,  and  J  (  0.2  cm) 

is  the  spacing  between  the  extraction  mesh  and  the  emitter 
surface.  In  the  high-voltage  range,  the  emission  current  is 
limited  by  the  supply  of  cesium  to  the  emitter  surface.  The 
emission  currents  have  been  extracted  without  biasing  ( i.c.. 
open  circuit  between  anode  and  cathode  of  the  Cs-M  SF. 
pellet).  The  cesium  supply  without  biasing  could  he  ex¬ 
plained  by  the  thermal  leakage  flux  across  the  interface 
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which  is  due  to  the  self-consistent  potential  across  the  inter¬ 
face.  With  an  additional  supply  of  cesium  by  biasing  current, 
one  can  extend  the  space-charge-limited  region  in  the  low- 
temperature  range. 

The  thermal  leakage  flux  is  also  observed  in  neutral 
emission.  When  there  is  no  extraction  field  on  the  emitter 
surface,  cesium  is  vaporized  from  the  surface  as  neutral 
atoms.  The  flux  is  equal  to  the  supply  of  cesium  to  the  emit- 
icr  surface  in  a  steady  state.  Since  there  is  no  supply  by  exter¬ 
nal  biasing  current  across  the  electroly  te,  the  neutral  flux  is 
just  due  to  the  thermal  leakage  flux.  The  dependence  of  the 
thermal  leakage  flux  on  temperature  is  shown  in  Fig.  1 2.  The 
maximum  space-charge-limited  ion  emission  flux  without 
supply  by  biasing  current,  shown  in  Fig.  1 1.  is  drawn  as  a 
dashed  line  in  Fig.  12.  It  is  seen  that  both  fluxes  are  approxi¬ 
mately  the  same.  According  to  the  potential  diagram  of  the 
interface,  shown  in  Fig.  4(b).  an  electric  field  directed  in  the 
v  direction  is  produced  by  the  interfacial  potential  difference 
At/,  between  the  tungsten  electrode  surface  and  Cs-M  SE 
surface.  The  electric  field  is  extracting  electrons  from  theCs- 
M  SE  surface.  The  electrons  are  then  combined  with  the 
adsorbed  cesium  ions  on  the  inner  layer.  The  neutralized 
cesium  atoms  diffuse  out  to  the  vacuum  interface  of  the  emit¬ 
ting  electrode.  The  flux  of  cesium  is  the  thermal  leakage  flux 
across  the  interface.  Thus  one  can  interpret  the  results  in  Fig. 
12  as  the  electron  emission  characteristics  on  the  Cs-M  SE 
surface.  The  linear  slope  in  Fig.  12  indicates  that  the  extract¬ 
ing  field  ( i.e..  potential  difference  across  the  interface.  AT  ) 
is  dependent  on  temperature.  The  potential  difference  across 
the  interface,  numerically  obtained  in  Ref.  10.  is  almost  con¬ 
stant  in  the  temperature  range  800-1000  C. 

There  is  one  more  piece  of  evidence  that  the  thermal 
leakage  flux  is  due  to  the  electron  emission  from  the  Cs-M 
SE  to  the  tungsten  electrode  surface.  By  observing  the  neu¬ 
tral  flux  over  a  long  time,  the  neutral  flux  is  decaying  slow  ly 
with  time.  In  the  long  run.  the  neutral  flux  goes  to  zero.  The 
total  amount  of  emitted  neutrals  is  about  equal  to  1  ML  of 
the  M  matrix  anions.  This  fact  is  not  only  proving  the 
mechanism  of  the  thermal  leakage  flux  but  also  provides  a 
method  for  exact  control  of  the  supply  of  cesium  to  the  emit- 
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ter  surface.  After  depletion  of  the  electrons  from  the  emitter 
interface,  there  is  no  supply  of  cesium  by  the  thermal  leakage 
flux.  Thus  the  supply  of  cesium  to  the  emitter  surface  is  then 
exactly  controlled  by  the  external  biasing  current  across  the 
interface.  Practically  the  electron  charge  to  be  depleted  is  of 
the  order  of  2  C/cm  This  charge  can  be  extracted  in  the 
reverse  bias  mode  tie.,  positive  potential  on  the  emitting 
electrode  and  negative  potential  on  the  anode)  in  about  3  h 
at  a  total  biasing  current  of  20  //A  prior  to  using  the  ion 
source. 

The  supply  of  cesium  to  the  emitter  surface  is  now  exclu¬ 
sively  controlled  by  the  biasing  current  across  the  electro¬ 
lyte.  However,  the  biasing  current  is  limited  by  the  maxi¬ 
mum  electrode  reaction  current  density  across  the  interface. 
From  both  theoretical  and  experiment  results,  the  limiting 
current  density  across  the  interface  is  of  the  order  of  1  mA/ 
cm  at  1(XX)°C.  In  order  to  increase  the  emission  current 
density  to  more  than  10  mA/cm  .  we  have  modified  the 
emitter  configuration.  A  thin  diaphragm  with  an  aperture  of 
0.0S  cm  diam  covers  the  emitter  surface.  Thus,  all  cesium 
supplied  to  the  emitting  electrode  is  delivered  to  tins  emit¬ 
ting  aperture  by  surface  diffusion.  The  ratio  of  the  tungsten 
electrode  area  to  the  area  of  emitting  aperture  is  about  2(X). 
Thus  the  emission  current  density  is  2(X)  times  larger  than 
the  supply  current  density  In  this  way ,  one  can  obtain  a  high 
emission  current  density  while  minimizing  the  supply  cur¬ 
rent  across  the  electroly  te. 

D.  High  Cs  ion  emission  current  density 

In  order  to  have  a  steady-state  high-emission  current 
density  ,  the  following  extraction  arrangement  has  been  used: 
an  extraction  electrode  with  a  single  aperture.  (VOX  cm  in 
diameter,  is  aligned  with  the  emitting  aperture.  The  distance 
between  the  two  apertures  is  0.05  cm.  All  the  other  experi¬ 
mental  arrangements  arc  the  same  as  in  Fig.  lV 

Since  our  source  is  a  surface  ionization  source,  the  maxi¬ 
mum  ion-emission  current  density  depends  on  the  critical 
temperature  of  the  emitter.  The  critical  cesium  ion-emission 
current  density  has  been  measured  by  Wilson "  for  several 
metal  surfaces.  His  results  are  show  n  in  Fig.  1 3  as  solid  lines. 
The  points  show  experimental  results  obtained  with  our 
source  for  porous  platinum  and  tungsten  emitter  coatings. 
The  slightly  smaller  values  compared  to  Wilson's  data  can  be 
attributed  to  the  porous  surface  of  the  emitter.  In  a  dc 
steady  -state  operation,  up  to  20  mA/cm  current  density  at  a 
temperature  of  I  100  (.'  has  been  extracted  for  30  h  at  a  total 
current  of  100  //A  1  'he  total  amount  of  extracted  cesium 

ions  corresponds  to  It)  C 

V.  SUMMARY 

I  lie  new  solid  state  Cs  source  compares  lavorablv 
with  the  metal-iomzer-ivpc  source  with  respect  to  the  ioii- 
emission  current  density  ami  lifetime  It  has  the  simphcitv  in 
construction  and  operation  comparable  to  the  zcolite-tvpc 
source  f  urthermore,  it  has  the  unique  capability  of  exact 
control  of  cesium  supply  to  the  emitting  electrode. 
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A  solid-state  Cs  ion  microprobe  (micron  size  beam 
and  high  current  density  lOmA/cnr  )  has  been  developed 
by  using  this  source.  Design  and  operation  of  the  microprobe 
will  be  presented  in  a  forthcoming  paper. 
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Catalytic  oxidation  of  silicon  by  cesium  ion  bombardment 
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Results  for  room-temperature  oxidation  of  silicon  using  cesium  ion  bombardment  and  low 
oxygen  exposure  are  presented.  Bombardment  with  cesium  ions  is  shown  to  allow 
oxidation  at  0;  pressures  orders  of  magnitude  smaller  than  with  noble  gas  ion  bombardment. 
Oxide  layers  of  up  to  30  A  in  thickness  are  grown  with  beam  energies  ranging  from  20- 
2000  eV.  0:  pressures  from  10  4  to  10  h  Torr,  and  total  02  exposures  of  10°  to  104  L. 
Results  are  shown  to  be  consistent  with  models  indicating  that  initial  oxidation  of  silicon  is 
via  dissociative  chemisorption  of  0:,  and  that  the  low  work  function  of  the  cesium- 
and  oxygen-coated  silicon  plays  the  primary  role  in  promoting  the  oxidation  process. 


I.  INTRODUCTION 

Thermal  oxidation  of  silicon  typically  requires  heating 
to  temperatures  greater  than  700  °C  in  0:  pressures  as  high 
as  10  '  Torr  with  corresponding  total  oxygen  exposures  of 
10h  L  ( 1  Le  10  *  Torr  s).1  The  ability  to  oxidize  at  low 
temperature  and  low  02  exposure  is  of  great  interest  since 
the  rate  of  thermal  defect  production  and  the  diffusion  of 
impurities  are  greatly  reduced.  One  possibility  is  to  use  an 
adlayer  of  vapor-deposited  alkali  metal  as  a  catalyst.  This 
has  been  seen  to  enhance  the  oxidation  rate  at  room  tem¬ 
perature  by  several  orders  of  magnitude.'  The  alkali  metal 
can  then  be  removed  by  a  relatively  moderate  600  °C  rapid 
thermal  anneal  (RTA).  Thus,  both  the  temperature  and 
the  exposure  time  are  greatly  reduced.  Bombardment  with 
noble  gas  ions  at  keV  energies  has  also  been  seen  to  in¬ 
crease  the  room-temperature  oxidation  rate.'  An  advan¬ 
tage  of  this  method  is  that  the  oxide  can  be  formed  by 
direct  pattern  writing  with  the  ion  beam.  However,  the 
necessary  ():  exposure  is  still  quite  high.  We  show  that  by 
using  cesium  ions  as  the  primary  bombarding  species,  these 
two  methods  can  be  combined,  thus  enabling  the  direct 
writing  of  SiO*  at  room  temperature  and  low  0:  exposure. 

In  this  work  we  present  a  study  of  SiO.  formation  on 
Si (  I (X) )  using  Auger  electron  spectroscopy  (AES),  ultra¬ 
violet  photoelectron  spectroscopy  (UPS),  and  work- 
function  shift  measurements.  Oxide  formation  due  to  ce¬ 
sium  ion  bombardment  is  compared  to  that  due  to  xenon 
and  argon  bombardment.  Xenon  is  used  because  its  mass  is 
essentially  equal  to  that  of  cesium,  thus  the  only  changes 
will  be  due  to  electrochemical  differences.  Data  are  pre¬ 
sented  as  a  function  of  incident  ion  energy  and  mass,  target 
temperature,  and  ion-to-0:  flux  ratio.  Oxide  layers  up  to  30 
A  in  thickness  have  been  grown  with  beam  energies  rang¬ 
ing  from  20-2(XX)  eV.  and  ():  pressures  from  10  '  to  10  *’ 

Torr  Total  oxygen  exposures  of  10"  to  104  L  have  been 
used. 

II.  EXPERIMENTAL  DETAILS 

These  experiments  are  performed  in  a  UHV  chamber 
with  a  base  pressure  of  4-10  11  Torr  Tim  system  has 

been  described  in  a  previous  paper.4  hut  the  main  details 
will  be  repeated  here,  including  any  variations  from  the 


previous  arrangement.  The  sample  is  mounted  on  an  xyz 
manipulator  with  both  azimuthal  rotation  and  sample  tilt. 
It  is  also  capable  of  electron-beam  heating  and  liquid- 
nitrogen  cooling  of  the  sample.  The  system  is  equipped 
with  a  double  pass,  angularly  resolved  cylindrical  mirror 
analyzer  (CMA),  with  a  coaxial  electron  gun  for  AES 
analysis,  a  low-energy  electron  gun  for  work-function 
(WF)  shift  measurements,  a  tunable  light  source  and/or 
He-Ne  laser  (1.96  eV)  for  photoemission  onset  measure¬ 
ments,  an  ultraviolet  discharge  lamp  for  UPS  analysis,  low- 
(5-50  eV)  and  high-  (100-5000  eV)  energy  cesium  ion 
guns,  and  a  noble  gas  ion  gun.  AES  data  are  taken  using 
minimal  electron  current  (-5  pA)  and  analysis  time 
( •  30  s ) .  to  eliminate  any  electron  bombardment-induced 
changes  in  the  oxide  film.'  UPS  is  performed  using  He  I 
(/tv  =  21.2  eV)  and  He  II  (hr  =  40.8  eV)  discharges.  He 
II  data  allow  us  to  examine  the  valence-band  density  of 
states  (DOS)  up  to  20  eV  below  the  Fermi  level  due  to  the 
lower  secondary  electron  background  in  the  region  of  in¬ 
terest.  The  He  I  discharge  has  a  much  higher  intensity,  and 
hence  a  better  signal-to-noise  ratio.  UPS  is  seen  to  be  very 
surface  sensitive,  showing  strong  oxide  features  even  when 
very  little  is  detectable  with  the  AES.  UPS  spectra  are 
taken  in  the  constant  resolution  mode  of  the  CMA.  at  a 
pass  energy  of  25  eV,  which  corresponds  to  an  energy  res¬ 
olution  of  0.2  eV.  Chamber  pressures  during  the  UPS  anal¬ 
ysis  were  -  i  \  10  x  Torr  for  He  I.  and  -  3  X  10  4  Torr 
for  He  II.  We  found  the  He  gas  to  have  no  detectable 
effects  on  the  results  at  these  pressures.  The  cesium  guns 
are  of  our  own  design,  use  solid  electrolyte  sources,  and  are 
described  in  detail  elsewhere.1'  Operation  of  these  cesium 
ion  guns  does  not  result  in  a  pressure  rise  above 
-2.5  •  10  "  Torr.  The  noble  gas  ion  gun  is  of  the  elec¬ 

tron  ionization  type  and  is  differentially  pumped  It  has 
separate  bakeable  UHV  leak  valves  for  the  introduction  of 
research  purity  xenon  and  argon.  Chamber  pressure  while 
the  gun  is  operating  is  -4x10  “  Torr.  Work-function 
shifts  are  measured  using  the  retarding  field  diode 
method,  and  the  absolute  work  function  is  found  by  using 
photoemission  onset  data  to  determine  a  calibration  point. 

The  Si  sample  is  //-type  ( 100).  5-6  SI  cm.  and  is  cut 
from  a  commercial  wafer.  It  is  chemically  etched  before 
insertion  into  vacuum  and  is  subsequently  cleaned  by  sput- 
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ter  bombardment  with  the  cesium  ion  gun,  typically  1  jrA 
at  500  eV,  and  annealing  at  800  °C.  This  procedure  results 
in  an  oxide-  and  contaminant-free  surface  as  determined  by 
AES.  Research  purity  02  gas  is  admitted  through  a  bake- 
able  UHV  leak  valve.  The  oxidation  is  accomplished  by 
exposing  the  sample  to  an  ion  beam  rastered  across  its 
surface,  while  at  the  same  time  exposing  it  to  a  flux  of 
oxygen.  After  exposure,  the  target  is  heated  to  600  °C  for 
10  min  to  remove  the  bombarding  species,  resulting  in  a 
clean  Si02  layer.  This  is  verified  by  using  AES  and  UPS. 
The  Si02  thickness  is  estimated  by  monitoring  the  attenu¬ 
ation  of  the  AES  Si  (92  eV)  signal  through  the  oxide  over¬ 
layer.  It  is  calculated  using  the  equation 

/s,  =  /Sj(0)exp(  -  d/A),  (1) 

where  /s,  and  /s,( 0)  are  the  coated  and  clean  AES  peak 
heights  of  the  Si  (92  eV)  signal,  A  is  the  mean  free  path  of 
the  92-eV  electrons  in  SiO:,  and  d  is  the  oxide  thickness.  A 
value  of  6.5  A  is  used  for  A,  which  includes  a  geometrical 
factor  to  account  for  the  analyzer. s  The  noise  level  in  the 
AES  signal  limits  the  data  taken  with  this  method  to  a 
thickness  of  —  32  A.  This  is  sufficient  for  our  results,  as  all 
our  data  are  within  this  limit.  The  Si02  thickness  is  also 
reflected  qualitatively  by  the  size  of  the  shoulder  in  the  He 
I  spectra  at  a  binding  energy  of  —  3  eV.  This  shoulder  is 
due  to  photoemission  from  elementary  Si  under  the  oxide 
film.  Data  collection  and  experimental  control  are  accom¬ 
plished  using  an  AT&T  microcomputer  (IBM-AT  com¬ 
patible),  which  is  equipped  with  an  A  to  D  jnvcrtcr,  and 
an  IEEE  488  bus  controller.  All  of  the  e  perimental  con¬ 
trol  software  is  developed  in  hous 

III.  RESULTS 

A.  Noble  gas  ion  bombardment 

Data  are  taken  of  oxide  thickness  versus  oxygen-to- 
incident-ion-flux  ratio  for  both  xenon  and  argon  bombard¬ 
ment.  For  an  ion  current  density  of  I  /xA/cm*  a  flux  ratio 
of  10  corresponds  to  an  oxygen  pressure  in  the  chamber  of 
8.6X  10  *  Torr.  For  a  fixed  flux  ratio,  oxide  thickness 
increases  with  exposure  until  a  steady  state  is  reached.  An 
exposure  time  of  1  h  at  this  incident  ion  flux  is  found  to  be 
sufficient  to  reach  steady-state  thickness.  Any  increase  in 
this  exposure  time  results  in  negligible  changes  in  oxide 
thickness.  The  time  necessary  to  reach  steady  state  is  found 
to  be  directly  proportional  to  the  ion  flux,  or  putting  it 
another  way.  equilibrium  is  established  only  after  a  fixed 
dose  of  bombarding  ions  has  been  reached.  This  fixed  dose 
is  approximately  2  x  10lh  ions/cm' s.  The  thickness  under 
steady-state  conditions,  at  a  fixed  energy,  is  seen  to  depend 
only  on  the  ratio  of  oxygen  to  incident  ion  flux. 

In  Fig.  1  we  show  oxide  thickness  versus  flux  ratio  for 
xenon  ion  bombardment,  with  ion  energy  as  a  parameter. 
For  xenon,  there  is  an  oxidation  onset  at  a  ratio  of  about  8. 
after  which  the  oxide  thickness  increases  rapidly  to  around 
25-30  A.  At  this  point,  the  growth  rate  of  oxide  as  a  func¬ 
tion  of  flux  ratio  slows  dramatically.  There  is  no  significant 
difference  in  the  results  when  bombarding  with  500  or 
2000-eV  ions.  On  the  other  hand,  in  Fig.  2  we  show  data 
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FIG.  I.  SiO,  thickness  as  a  function  of  the  oxygen-to-xenon-ion-flux  ratio. 
The  line  is  drawn  merely  to  guide  the  eye. 


taken  under  identical  conditions  for  argon  bombardment. 
Except  for  a  slight  change  in  the  onset  to  a  value  of  around 
5,  the  500-eV  results  are  seen  to  be  almost  identical  to  the 
xenon  data.  The  1000-  and  2000-eV  results  are  significantly 
different.  The  onset  of  oxide  formation  does  not  change, 
but  the  rate  of  increase  of  the  oxide  thickness  as  a  function 
of  the  oxygen-to-ion-flux  ratio  decreases  as  the  bombarding 
energy  increases.  This  results  in  the  formation  of  thinner 
oxides  for  a  given  flux  ratio. 

AES  data  taken  before  heating  for  both  xenon  and 
argon  bombardment,  at  all  energies  and  pressures,  show 
spectra  characteristic  of  clean  Si02,  with  its  major  peak  at 
-77  eV.8  Only  trace  (  <.04  /oxlde)  amounts  of  noble  gas 
are  detectable.  After  heating,  no  noble  gas  can  be  detected 
with  AES,  while  the  oxide  spectra  remain  unchanged.  UPS 
data  confirm  this  result.  The  initial  spectra  show  peaks  at 
—  8.0,  —  12.0.  and  —  14.7  eV,  which  remain  unchanged 
upon  heating.  These  peak  positions  and  shapes  are  in  ex¬ 
cellent  agreement  with  previously  published  data  for  clean 
SiO:.g 


OXYGEN  TO  ARGON  FLUX  RATIO 


FIG.  2  SiO*  thickness  as  a  function  of  the  o.xygen-to-argon-jon-fim  ratio. 
The  tines  are  drawn  morels  to  guide  the  eye. 
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FIG  3.  SiO>  thickness  as  a  function  of  the  oxygen-to-cesium-ion-flux 
ratio.  The  lines  are  drawn  merely  to  guide  the  eye. 

B.  Cesium  ion  bombardment 

In  Fig.  3  we  again  show  oxide  thickness  as  a  function 
of  oxygen-to-ion-flux  ratio,  this  time  for  cesium  ion  bom¬ 
bardment.  In  this  case,  for  runs  of  500  or  2000  eV,  the 
thickness  (  -  30  A)  at  which  the  rate  slows  does  not  vary. 
There  is  a  difference  however,  in  the  value  of  the  flux  ratio 
at  the  onset.  The  higher-energy  bombardment  causes  a 
shift  in  the  overall  curve  to  higher  flux  ratios.  The  oxida¬ 
tion  onset  occurs  at  approximately  0.2  for  500  eV  and  0.7 
for  2000  eV.  These  ratios  are  more  than  1  order  of  magni¬ 
tude  smaller  than  the  corresponding  onsets  for  xenon  and 
argon.  At  an  incident  ion  flux  of  1  pA/  cm2,  a  ratio  of  0.2 
corresponds  to  an  oxygen  pressure  of  approximately 
2x  10  4  Torr.  Data  taken  at  300  eV  are  consistent  with 
this  trend,  indicating  that  the  onset  shifts  to  smaller  ratios 
as  the  energy  decreases.  As  with  noble  gas  ion  bombard¬ 
ment,  the  steady-state  thickness  is  found  to  depend  only  on 
the  ion-to-oxygen-flux  ratio,  and  is  established  only  after 
the  same  total  dose  of  -  2x  1011’  ions/cm2  is  reached.  Data 
are  also  taken  at  2000  eV  for  sample  temperatures  of  200 
and  300  °C.  They  show  similar  oxidation  curves,  except 
that  they  are  shifted  towards  far  higher  flux  ratios.  At  a 
sample  temperature  of  200  °C,  the  onset  occurs  at  a  flux 
ratio  of  -  20,  and  for  300  °C  it  occurs  at  -  50. 

In  a  previous  paper  we  have  discussed  the  formation  of 
a  steady-state  coverage  of  cesium  under  ion  bombard¬ 
ment  10  Data  for  cesium  bombardment  alone  indicate  that 
the  steady-state  cesium  coverage  is  -0.5  monolayers 
(ML)  at  500  eV.  and  -0.35  ML  at  2000  eV.  Monolayer 
coverage  is  defined  here  as  a  surface  density  of  6.78  X  101J 
atoms/cm'.  Data  taken  for  substrate  temperatures  ranging 
from  —  100  to  300  °C  show  that  for  2000  eV  bombard¬ 
ment,  the  steady-state  cesium  coverage  is  independent  of 
temperature.  These  coverages  are  estimated  from  work- 
function  shift  measurements,  and  from  previously  pub¬ 
lished  data  relating  the  coverage  of  cesium  on  a  silicon 
surface  to  the  ratio  between  the  47-eV  cesium,  and  the 
42-eV  silicon  AES  signals. "  It  should  be  noted  that  these 
jic  composite  coverages  due  to  ion  bombardment,  not  pure 
coverages  as  typically  achieved  by  vapor  deposition 


FIG  4  SiO.  thickness  as  a  function  of  oxygen  pressure,  for  l-h  exposures 
at  20  eV  cesium  ion  energy  and  I  /iA/cnr  cesium  flux.  The  line  is  drawn 
merely  to  guide  the  eye. 

As  with  the  noble  gas  ion  bombardment,  AES  data  at 
500  and  2000  eV,  taken  before  heating,  show  spectra  which 
indicate  that  an  SiCT  coating  is  present.  In  this  case  how¬ 
ever,  heating  makes  a  significant  difference  in  the  spectra. 
The  oxide  peak  height  before  heating  is  —0.47  times  the 
peak  height  after  heating.  This  is  consistent  with  a  picture 
of  an  SiO:  film  covered  with  a  submonolayer  coating  of 
cesium  and  oxygen.  The  peak  height  is  smaller  due  to  at¬ 
tenuation  through  this  top  layer.  Before  heating  there  is  a 
large  (  -3  times  oxide)  cesium  peak  at  47  eV.  After  heat¬ 
ing.  this  peak  is  gone.  This  result  is  supported  by  UPS 
spectra,  where  at  both  500  and  2000  eV,  evidence  is  seen 
for  a  SiO;  film  underneath  an  oxygen  and  cesium  coating. 
The  complete  UPS  spectra  have  a  complicated  dependence 
on  experimental  conditions,  and  will  be  shown  and  re¬ 
viewed  in  detail  at  the  end  of  this  section. 

C.  Low-energy  cesium  deposition 

Data  are  taken  for  20  eV  cesium  ion  bombardment 
with  concurrent  exposure  to  oxygen.  As  opposed  to  the 
previous  sections,  in  this  case  there  is  no  intermediate 
steady-state  oxide  thickness.  The  oxide  grows  continuously 
with  exposure  at  a  fast  rate  until  it  reaches  a  thickness  of 
around  30  A.  At  this  point,  the  rate  slows  as  seen  in  the 
previous  data.  This  effect  is  present  even  at  the  lowest  0: 
pressures  used,  which  in  this  case  was  1\10  4  Torr.  At 
an  0:  pressure  of  1x10  s  Torr.  and  1  //A/cm'  incident 
ion  flux,  a  l-h  exposure  time  is  sufficient  to  grow  a  30- A 
oxide  film.  At  1  x  10  4  Torr.  a  l-h  run  grows  a  7-A  film. 
However,  by  performing  successive  runs,  the  oxide  film 
becomes  thicker,  and  steady  state  can  be  reached.  After 
five  successive  l-h  runs  at  1  x  10  4  Torr  the  oxide  thick¬ 
ness  is  25  A.  In  Fig.  4  we  show  the  oxide  thickness  as  a 
function  of  oxygen  pressure  for  l-h  exposure  times  at  a 
cesium  flux  of  1  // A/cm'. 

If  the  target  is  exposed  to  oxygen  after  dosing  with 
cesium,  instead  of  simultaneously,  the  thickness  of  the  ox¬ 
ide  is  significantly  smaller.  For  example,  an  oxide  film 
grown  with  a  total  cesium  dose  of  3  -  10u'  ions/cm'  fol- 
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lowed  by  an  02  exposure  of  1 8  L  ( 5  X  10  “ 4  T  for  1  h )  has 
a  thickness  of  6.6  A.  A  run  performed  under  essentially  the 
same  conditions,  but  dosing  the  sample  simultaneously  re¬ 
sults  in  an  oxide  thickness  of  22.5  A  (see  Fig.  4).  Previ¬ 
ously  published  work-function  data  taken  on  samples 
dosed  sequentially  show  that  for  cesium  coverages  greater 
than  —0.5  ML,  the  work  function  as  a  function  of  oxygen 
exposure  decreases,  passes  through  a  minimum,  and  then 
increases  to  a  value  larger  than  that  before  oxygen  expo¬ 
sure.4  AES  data  taken  on  a  cesiated  target  both  before  and 
after  an  oxygen  exposure  sufficient  to  reach  the  minimum 
work  function  show  an  —  50%  increase  in  the  height  of  the 
47-eV  cesium  peak,  with  no  corresponding  increase  in  the 
563-  and  575-eV  cesium  peaks.  This  is  consistent  with 
work  done  by  other  authors,"  12  indicating  that  the  oxygen 
adsorbs  beneath  the  cesium,  close  to  the  silicon  surface. 
The  increase  in  the  low-energy  cesium  peak  is  due  to  an 
increase  in  reflection  from  the  electronegative  oxygen  layer 
beneath  the  cesium.  The  higher-energy  cesium  electrons 
are  not  affected,  as  their  mean  free  path  is  significantly 
larger. 

AES  data  taken  before  and  after  heating  show  a 
marked  difference.  Before  heating  we  see  a  large  peak  at  47 
eV  corresponding  to  cesium.  The  silicon  spectra  look  very 
different.  There  is  a  very  small  SiO:  peak  at  77  eV,  a  small 
Si  peak  at  92  eV,  and  much  larger  (  —  20  times  SiO:)  peaks 
at  59  and  63  eV.  The  AES  fine-structure  spectra  is  known 
to  be  sensitive  to  the  chemical  environment  of  the  silicon 
oxide  species.1'  After  heating,  the  cesium  peak  has  disap¬ 
peared.  and  the  characteristic  Si02  spectra  has  returned, 
with  a  large  peak  at  77  eV,  and  slightly  smaller  (  —0.5 
times  SiO:)  peaks  at  59  and  63  eV.  We  interpret  these 
results  to  indicate  that  before  heating,  the  silicon  is  in  a 
different  oxidation  state.  UPS  spectra  are  also  consistent 
with  this  result.  As  opposed  to  the  higher  energy  bombard¬ 
ment.  no  evidence  is  seen  for  an  SiO;  layer  beneath  the 
oxygen  and  cesium  overlayer.  This  interpretation  is  consis¬ 
tent  with  previously  published  core-level  photoemission 
spectroscopy  data  where  it  is  claimed  that  for  vapor  dep¬ 
osition  of  cesium  and  oxygen,  several  oxide  states  exist,  and 
that  the  Si()2  state  does  not  form  until  after  heating.14 

D.  UPS  data 

In  Fig.  5,  we  show  five  different  UPS  He  II  spectra 
taken  at  various  oxygen  pressures  and  cesium  energies  after 
a  1-h  exposure,  but  before  heating  to  remove  the  cesium. 
The  curves  are  labeled  (a)-(e)  on  the  figure.  They  indicate 
the  presence  of  an  overlayer  consisting  of  a  mixture  of 
cesium  oxide  species.  Some  spectra  imply  a  predominance 
of  one  species  or  another,  and  this  is  so  indicated  in  the 
following  description. 

Figure  5(a):  This  data  represents  20  eV  bombardment 
at  an  O.  pressure  of  5x  10  1  Torr.  The  three  peaks  at 
3.0.  5,7,  and  -  7.7  eV  belong  to  the 

Os  -O'  +■  e  process.  This  implies  the  presence  of 

CsT)'.1'  No  evidence  is  seen  of  Si02. 

Figure  5(b):  This  curve  is  for  20  eV  bombardment  at 
an  0:  pressure  of  5-10  '  Torr.  The  four  peaks  that  are  at 

2  4.  5.0.  6  9,  and  -  8.9  eV  are  assigned  to  the 
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FIG.  5  UPS  spectra  taken  before  heating  for  various  cesium  energies  and 
oxygen  pressures.  These  are  as  follows:  (a)  20  eV  and  5  v  10  '*  Torr.  (b) 
20  eV  and  5\  10  y  Torr.  (c)  20  eV  and  2  x  10  *  Torr.  (d)  2000  eV  and 
5  v  10  *  Torr.  and  (e)  500  eV  and  5x  10  Torr.  Ev  is  the  Fermi-level 
energy,  and  the  y-axis  scale  is  the  same  for  all  curves. 

process  02  —  02  +  e  ,15  In  fact,  for  this  process  there  is  a 
five  peak  multisplit.  This  fifth  peak,  in  our  spectra,  is  over¬ 
lapped  by  the  Cs  5 p  peak  at  —  1 1.3  eV.  This  process  indi¬ 
cates  the  existence  of  Cs02.lb'17  Again,  no  Si02  evidence  is 
seen. 

Figure  5(c):  This  represents  20  eV  bombardment  at  an 
02  pressure  of  2  X  10  x  Torr.  This  spectra  shows  charac¬ 
teristics  somewhere  between  those  of  curves  (a)  and  (b). 
This  indicates  that  both  Cs202  and  CsO:  are  present. 

Figure  5(d):  This  curve  was  taken  for  2000  eV  cesium 
bombardment  at  an  02  pressure  of  5  X  10  s  Torr.  The  two 
peaks  at  —  6.4  and  —  8.0  eV  are  due  to  an  overlap  of  the 
O2  2 p  peaks  and  the  first  Si02  peak.  The  O2  peaks 
indicate  the  presence  at  the  surface  of  a  cesium  oxide  such 
as  Cs20.15  The  SiO:  peak  indicates  that  the  oxide  has  al¬ 
ready  formed  beneath  the  cesium  oxide  overlayer,  in  agree¬ 
ment  with  AES  results. 

Figure  5(e):  This  curve  is  for  500  eV  bombardment  at 
an  02  pressure  of  5X  10  '  Torr.  This  spectra  shows  evi¬ 
dence  of  a  mixture  of  the  oxygen  states  mentioned  above. 
The  shoulder  at  —  8.0  eV  is  evidence  for  the  existence  of 
SiO:  as  in  curve  (d).  Under  these  conditions,  we  conclude 
that  all  of  the  species  mentioned  above  are  present  in  some 
amount. 

In  Fig.  6.  we  show  UPS  He  II  spectra  recorded  during 
a  complete  heating  cycle.  The  sample  was  bombarded  at  20 
eV.  with  an  02  pressure  of  5  x10  “  Torr  for  1  h.  Each 
curve  corresponds  to  5  min  of  heating  at  the  specified  tem¬ 
perature  followed  by  cooling  to  room  temperature  to  take 
the  measurement.  The  data  show  large  changes  from  room 
temperature  up  to  500  °C.  From  500  to  600  °C  there  is  a 
shift  of  0.8  eV  in  the  curve,  without  significant  shape 
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HG  ft.  l  PS  spectra  tor  a  surface  initially  exposed  for  l  h  to  20  eV  cesium 
ion  bombardment  with  an  oxygen  pressure  of  5  *  10  ‘  Torr  and  then 

heated  m  stages  to  form  Si(); 


change.  Further  heating  to  700  °C  (not  shown)  results  in 
no  change  in  the  curve.  What  we  see  is  a  gradual  evolution 
from  a  room-temperature  spectrum  indicating  Cs202  [as 
shown  in  curve  c  in  Fig.  5]  with  no  Si02  evident,  to  a 
300  °C  curve  indicating  Cs20  [as  shown  in  curve  (a)  in 
figure  5]  with  Si()2  features  beginning  to  make  themselves 
evident.  Finally,  at  600  °C  we  have  a  clean  SiO:  spectrum. 
The  thickness  of  this  oxide  is  -  22  A. 

In  Fig.  7.  the  low-energv  secondary  electron  cutoff 
generated  by  He  I  is  shown.  These  data  were  taken  during 
the  same  heating  cycle  as  above.  The  shift  in  the  cutoff 
reflects  the  work-function  change  of  the  sample  surface. 
For  this  run,  the  total  shift  is  3  eV.  This  represents  an 
increase  in  the  work  function  from  a  low  value  due  to  a 
cesiated  and  oxygenated  surface  to  t hat  of  clean  SiO:.  Pre- 
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viously  published  data  indicate  that  the  work  function  of 
thin  Si02  films  is  between  0.5  and  0.75  eV  below  that  of 
clean  Si  ( 100 ) . 1 8  Using  a  value  of  4. 8  eV  for  clean  Si  ( 1 00 ) , 
indicates  that  these  cesiated  and  oxygenated  surfaces  have 
work  functions  <1.3  eV.  This  is  in  agreement  with  our  own 
previous  work,4  and  with  that  of  other  authors,  who  mea¬ 
sured  similar  low  work  functions  for  the  various  cesium 
oxides. 14 

IV.  DISCUSSION 

The  process  of  silicon  oxidation  can  be  described  in  3 
basic  steps:  (i)  sticking  and  dissociation  of  the  02  mole¬ 
cule;  (ii)  Diffusion  of  the  oxygen  to  the  Si-SiO:  interface; 
and  (iii)  oxidation  reaction.  Recent  work,  both  theoretical 
and  experimental,  indicates  that  the  initial  oxidation  of 
silicon  is  via  dissociative  chemisorption  of  oxygen.-0"''  It  is 
also  though  that  this  dissociation  of  02  is  the  initial  rate- 
limiting  step  for  oxidation.20  Our  data  are  consistent  with 
this  interpretation. 

Ion  bombardment  of  silicon  targets  in  the  presence  of 
gaseous  oxygen  creates  surface  damage  and  enhanced  sur¬ 
face  reactivity,  which  leads  to  enhanced  near-surface  (  -  5 
A)  oxygen  concentrations.'  As  the  surface  concentration 
increases,  the  overall  concentration  level  as  a  function  of 
depth  will  increase  due  to  diffusion,  all  other  conditions 
remaining  equal.  In  addition,  defect  sites  have  been  seen  to 
serve  as  nucleation  centers  for  SiO:  formation.24  These  ef¬ 
fects  serve  to  increase  the  rate  of  all  the  steps  outlined 
above.  In  addition  to  these  effects,  there  is  also  sputter 
removal  of  target  material.  Oxide  grow  th  will  taken  place 
when  the  growth  rate  of  the  oxide  exceeds  the  removal 
rate. 

With  the  above  in  mind,  we  consider  noble  gas  ion 
bombardment.  In  Figs.  1  and  2  the  important  ditference  is 
that  for  xenon  bombardment,  the  oxidation  is  independent 
of  energy  for  the  range  examined.  This  is  not  true  for  argon 
bombardment.  For  argon  bombardment,  the  onset  remains 
constant,  but  the  slope  of  the  curve  becomes  smaller  as  the 
energy  increases.  In  other  works,  at  a  fixed  flux  ratio  the 
oxide  thickness  decreases  as  the  energy  increases.  The 
500-cV  argon  curve  is  almost  identical  to  the  xenon  curves. 
We  have  interpreted  these  results  as  follows.  The  enhanced 
surface  reactivity  and  number  of  defect  sites  created  are 
related  to  each  other  and  are  proportional  to  the  amount  of 
energy  deposited  per  unit  volume,  close  to  the  surface  of 
the  sample.  Xenon,  with  a  mass  greater  than  3  times  that  of 
argon,  does  not  penetrate  as  far  into  the  target  at  a  given 
energy.  LSS  calculations  indicate  that  for  energies  up  to 
2000  eV.  the  implantation  depth  of  xenon  ions  is  less  than 
or  equal  to  30  A.  This  is  equal  to  or  greater  than  the 
maximum  oxide  thickness  formed  in  our  experiments.  Ar¬ 
gon.  on  the  other  hand  has  an  implantation  depth  greater 
than  30  A  at  energies  of  1000  eV  and  higher.  Thus  for 
xenon  bombardment  all  the  energy  is  deposited  with  in  the 
oxide  film,  while  for  argon  bombardment  at  10(X)  eV  and 
higher,  some  fraction  of  the  energy  is  deposited  outside  the 
region  of  oxidation  This  explains  the  slower  rate  of  oxide 
growth  for  argon  at  high  energy  The  question  now  arises 
as  to  why  the  xenon  bombardment  curve  is  energy  inde- 
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pendent.  We  believe  that  after  a  certain  ion  dose,  the  dam¬ 
age  created  lose  to  the  surface  saturates.  The  total  dose  of 
2  -  It)111  ions/cnr  agrees  well  with  our  previous  paper,  in 
which  we  found  that  the  composite  surface  coverage 
reached  steady  state  after  a  similar  dose,  basically  indepen¬ 
dent  of  energy  It  is  also  consistent  w  ith  data  published 
on  damage  produced  by  ion  bombardment  of  silicon.  ' 
where  computer  calculations  and  experimental  data  indi¬ 
cate  that  bombardment-induced  damage  saturates  at  a  to¬ 
tal  dose  of  -  3  ■  101'  ions/cm". 

For  cesium  ion  bombardment,  in  Fig.  3  we  have  curves 
w  hich  are  essentially  similar  to  the  noble  gas  curves  except 
that  he  oxide  growth  onset  is  shifted  more  than  an  order  of 
magnitude  towards  lower  oxygen  flux.  This  indicates  that 
in  addition  to  enhancing  the  oxidation  by  ion  bombard¬ 
ment.  the  cesium  has  a  catalytic  effect  of  its  own  which 
increases  the  oxidation  rate  dramatically.  This  is  in  agree¬ 
ment  w  ith  previous  papers  which  saw  a  catalytic  effect  with 
cesium  vapor  deposition.’  1 1  14  There  are  several  factors 
which  affect  this  catalytic  promotion  One  factor  is  that  the 
presence  of  cesium  at  a  silicon  surface  increases  dramati¬ 
cally  the  sticking  coefficient  of  oxygen. Is  leading  to  greater 
oxygen  surface  concentrations  than  can  be  obtained  with¬ 
out  cesium.  As  discussed  previously,  an  increased  surface 
concentration  increases  the  overall  diffusion  profile.  The 
other  primary  factor  in  this  oxidation  promotion  is  the 
reduced  work  function  of  the  sample  which  occurs  upon 
cesium  and  oxygen  coating.  Recent  experimental"''  and 
theoretical  "  works  have  indicated  that  the  effect  ol  the  low 
work  function  is  to  greatly  enhance  the  rate  of  dissociation 
of  the  O;  molecule  on  the  silicon  surface.  Theory  indicates 
that  the  mechanism  for  this  effect  is  charge  transfer  from 
the  low -work -function  surface  to  the  approaching  (T  mol¬ 
ecule  This  leads  to  an  enhanced  probability  of  finding  the 
molecule  in  an  excited  Oy  state.  .  hieh  is  strongly  disso¬ 
ciative.  In  F  ig.  3.  the  effect  of  importance  to  note  is  that  the 
data  depend  on  energy,  but  not  m  the  same  way  as  the 
argon  data  In  this  case  the  slope  of  the  curve  remains  the 
same,  but  the  onset  shifts  to  higher  oxygen  ratios  as  the 
energy  increases.  The  fact  that  the  slope  remains  the  same 
is  consistent  with  our  interpretation  of  the  noble  gas  data, 
since  cesium  has  essentially  the  same  mass  as  xenon,  and 
would  thus  cause  similar  damage  due  to  bombardment. 
The  shift  m  the  onset  to  higher  oxygen  flux  for  higher 
energy  is  attributed  to  a  coverage  effect.  JM  our  previous 
work."'  we  demonstrated  how  the  equilibrium  coverage 
depends  on  a  combination  of  factors,  in  this  case  the  rele¬ 
vant  one  being  the  incident  ion  energy.  Other  experimental 
woif  has  indicated  that  the  catalytic  effect  of  cesium  cov¬ 
erage  grows  slow  ly  a;  low  coverages,  with  strong  enhance¬ 
ment  taking  place  for  coverages  0.5  ML.'  Our  previous 
work  showed  that  for  cesium  coverages  of  0.25  Ml.  and 
higher,  the  work  function  is  more  than  2  cV  below  the 
clean  value,  with  the  minimum  occurring  at  0.5  Ml.  In 
addition,  for  coverages  higher  than  0  5  Ml.,  the  addition  of 
oxygen  resulted  m  an  even  larger  shift,  with  an  absolute 
work-function  minimum  of  0  11  eV  occurring  for  oxygen 
adsorption  on  a  sample  coateel  with  1.0  Ml  ol  cesium  We 
have  determined  i  t  a!  500  eV  .  the  slcady  -s'ale  coverage 


is  0.  ML.  and  for  2(KK)  eV.  it  is  0.35  ML.  Thus  the  shift  in 
the  oxidation  curve  is  completely  consistent  with  this  ex¬ 
planation.  At  higher  incident  ion  energy  the  cesium  cover¬ 
age  is  lower,  hence  the  work-function  shift  and  promoter 
effect  are  smaller,  and  a  greater  flux  of  oxygen  is  required 
to  oxidize  the  sample.  The  increase  in  the  flux  of  oxygen 
needed  to  maintain  an  SiO:  film,  as  a  function  of  sample 
temperature,  is  attributed  to  a  reduction  in  the  sticking 
coefficient  for  oxygen  on  silicon,  between  room  tempera¬ 
ture  and  300  “C.1’  It  is  not  due  to  any  variation  in  the 
cesium  coverage,  as  AES  data  discussed  previously  have 
shown  that  the  coverage  remains  constant  throughout  this 
temperature  range.  In  addition,  if  this  effect  were  due  to  a 
reduction  in  the  cesium  coverage,  the  oxide  formed  would 
be  identical  to  the  xenon  bombardment,  since  at  these  low- 
temperatures  the  bombardment-induced  damage  is  not 
greatly  affected.  In  fact,  significantly  more  oxygen  is  re¬ 
quired  at  these  temperatures  than  for  the  room- 
temperature  xenon  bombardment. 

For  20  eV  ion  bombardment,  there  is  no 
bombardment-induced  oxidation.  The  only  effect  taking 
place  here  is  the  oxidation  catalysis  due  to  the  presence  of 
cesium.  Even  though  there  is  no  bombardment-induced 
enhancement,  under  identical  exposure  times  the  flux  of 
oxygen  needed  to  form  an  oxide  coating  is  reduced  by 
about  an  order  of  magnitude  from  that  with  500  eV  cesium 
bombardment.  In  addition,  since  there  is  no  sputtering 
there  is  no  onset  as  defined  for  bombardment.  The  amount 
of  oxide  is  determined  by  the  time  of  exposure,  all  other 
conditions  being  equal.  For  our  data,  as  in  Fig.  4.  we  used 
1-h  exposure  times  to  remain  consistent  with  the  bombard¬ 
ment  data.  This  increase  in  the  catalytic  effect  is  attributed 
to  the  larger  coverage  of  cesium  possible  at  these  reduced 
energies.  In  addition,  previously  published  work  has  shown 
that  on  silicon,  the  presence  of  cesium  increases  the  slick¬ 
ing  coefficient  and  maximum  amount  of  oxy  gen  that  can  be 
deposited,  and  that  the  presence  of  oxygen  increases  the 
saturation  coverage  of  cesium. Is  Thus  there  is  a  synergistic 
effect  which  also  explains  why  doing  the  exposures  concur¬ 
rently  rather  than  sequentially  gives  much  thicker  SiO: 
coatings.  UPS  shows  that  for  low  0:  pressure,  the  primary 
species  is  Cs:0:.  while  at  higher  pressures,  such  as 
5  •  10  s  Torr.  there  is  more  CsO-.  Clearly  ,  for  the  same 
surface  coverage  of  cesium.  Cs():  prov  ides  more  oxy  gen  for 
the  oxide  formation  process  than  does  Cs:Q:. 

The  fact  that,  under  all  experimental  conditions,  the 
oxide  growth  rate  decreases  dramatically  as  the  film  thick¬ 
ness  approaches  30  A  is  attributed  to  a  reduction  of  oxygen 
reaching  the  interface  region  due  to  the  existing  oxide  act¬ 
ing  as  a  diffusion  barrier.  Other  authors  have  oxidized  sil¬ 
icon  at  room  temperature  with  a  5-eV  O  beam.  They 
claim  a  maximum  thickness  of  -  17  A  for  both  the  O 
beam  case  and  a  coating  grown  by  steam  oxidation,  also  at 
loom  temperature.  "  Their  explanation  also  attributes  this 
growth  limitation  to  diffusion  through  the  oxide  layer.  The 
discrepancy  in  thicknesses  is  most  likely  due  to  the  tael 
that  different  methods  arc  used  in  their  determination. 
Other  published  work  has  investigated  low -temperature 
microwave  plasma  oxidation  In  this  paper  the  authors 


extrapolate  their  data  to  zero  substrate  bias,  which  in  es¬ 
sence  leaves  only  diffusion  as  the  transport  mechanism.  At 
zero  bias  they  quote  a  value  of  30  A  for  their  oxide  thick¬ 
ness.  This  is  in  complete  agreement  with  our  data. 

V.  SUMMARY 

The  results  that  we  have  presented  in  this  paper  clearly 
demonstrate  the  effectiveness  of  using  cesium  ion  bombard¬ 
ment  as  a  method  for  low-temperature,  low  oxygen  expo¬ 
sure,  oxidation  of  silicon.  Our  results  are  consistent  with 
models  in  which  the  initial  oxide  growth  is  limited  by  the 
dissociative  chemisorption  of  0:,  while  later,  at  room  tem¬ 
perature,  it  becomes  diffusion  limited  as  the  oxide  thick¬ 
ness  approaches  30  A.  Ion  bombardment  alone  is  seen  to 
enhance  the  room-temperature  oxidation  rate  due  to  an 
increased  surface  concentration  of  oxygen  and  a  large 
number  of  defect  sites  which  act  as  nucleation  centers. 
Bombardment  with  cesium  ions  has  the  additional  effect  of 
creating  a  low-work-function  surface.  The  dissociative 
chemisorption  of  Oi  is  greatly  enhanced  by  the  presence  of 
a  low-work-function  cesium  oxide  overlayer  at  the  surface 
of  the  sample.  Using  low  energy/vapor  deposition  of  ce¬ 
sium  allows  even  lower  oxygen  exposures  than  for  higher- 
energy  bombardment.  This  method  has  a  drawback,  in  that 
it  is  difficult  to  localize  the  cesium  flux  at  these  low  ener¬ 
gies.  At  higher  energies,  it  is  easy  to  form  a  well-focused 
ion  beam,  and  thus  form  SiO:  only  in  the  regions  where  the 
cesium  beam  hits  the  sample.  The  cesium  is  easily  removed 
by  a  moderate  heating,  resulting  in  a  clean  SiOi  film.  Thus 
one  can  perform  direct  writing  of  thin  SiOi  layers  at  room 
temperature  and  low  oxygen  exposure.  The  thickness  of 
the  oxide  is  also  precisely  definable  by  control  of  the  oxy¬ 
gen  pressure.  These  thin  oxides  may  have  applications  for 
use  in  tunnel  diodes  or  any  other  device  requiring  precise 
control  of  oxide  position  and  desired  thicknesses  of  s;30  A. 
Future  work  includes  investigation  of  the  quality  of  these 
oxides. 
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pesonant  charge  transfer  In  the  scattering  of  hydrogen  atoms 
from  a  metal  surface 
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Electron  transfer  and  the  production  of  negative  hydrogen  ions  in  the  reflection  of  hydrogen 
atoms  from  a  metal  surface  is  studied  theoretically.  Starting  from  the  total  Hamiltonian  of  the 
metal-atom  system,  the  time  development  of  the  one-electron  density  matrix  is  determined.  This 
is  shown  to  be  related  to  the  time-dependent  coupling  of  the  affinity  level  of  the  moving  atom  with 
the  metal  states.  In  the  limit  of  weak  coupling,  the  occupation  probability  of  the  affinity  level  can 
be  obtained  in  a  closed  form.  This  theory  is  applied  to  the  problem  of  negative  hydrogen  ion 
production  at  a  W(  1 10)  surface,  both  with  and  without  Cs  coverage,  and  the  results  are  compared 
with  available  experimental  data  and  predictions  of  existing  theories. 


L  INTRODUCTION 

The  problem  of  charge  transfer  during  the  reflection  of  a 
hydrogen  atom  ( or  H  +  ion )  from  a  metalsurface  is  of  funda¬ 
mental  interest  both  from  a  theoretical  point  of  view,  and  for 
practical  applications.  In  the  former  case,  it  belongs  to  the 
general  class  of  problems  involving  interactions  between 
charged  particles  and  metal  surfaces,  and  the  attendant 
charge  and/or  energy  transfer.  A  sound  theoretical  under¬ 
standing  of  such  processes  has  diverse  implications  in  a  wide 
range  of  surface  physics  and  chemistry  problems  such  as 
sputtering,  chemisorption,  and  catalysis.  On  the  other  hand, 
the  practical  impetus  for  developing  simple  and  reliable  sur¬ 
face  H  ~  ion  sources  has  been  provided  by  the  need  of  such 
sources  in  fusion  plasma  experiments  for  plasma  heating, 
diagnostics,  and  acceleration.  The  conversion  of  neutral 
thermal  hydrogen  beam  or  proton  beam  to  negative  hydro¬ 
gen  ions  by  a  low  work  function  surface  has  therefore  at¬ 
tracted  much  attention  over  the  past  decade. Primary 
beams  of  various  energies  have  been  used,  and  a  host  of  con¬ 
version  surfaces  has  been  tested.  Conversion  efficiencies 
have  been  found  to  be  —  60%  for  backscattering  of  proton 
beams  having  — 10  eV  perpendicular  energy  from  cesiated 
tungsten  (110)  surfaces  (work  function  —1.5  eV),M  and 
—  1  %  for  backscattering  of  thermal  H  atoms  from  similar 
surfaces.17'19  There  have  been  many  studies  addressing  the 
theory  of  charge  transfer  during  atom-surface  scatter- 
ing,2*'2*  with  most  of  these  works  employing  the  Newns- 
Anderson  type  Hamiltonian  with  a  time-dependent  coupling 
between  the  atom  and  the  metal  states.  A  majority  of  the 
theoretical  treatments  to  date  aims  to  understand  the  pro¬ 
cesses  of  neutralization  and  positive  ion  formation  in  the 
scattering  of  electron  positive  elements  such  as  Na  from  a 
metal  surface,  though  it  was  recognized  that  the  correspond¬ 
ing  H  atom-metal  surface  scattering  problem  can  be  treated 
similarly.” 24  26 

In  the  present  work  we  investigate  the  charge  transfer  and 
H  “  formation  in  the  scattering  of  a  hydrogen  beam  from  a 
metal  surface,  starting  from  a  one-electron  Hamiltonian 
with  a  prescribed  time  dependence  arising  from  the  motion 
of  the  projectile  atom  along  a  classical  trajectory.  The  one- 


electron  density  matrix  under  the  action  of  the  time-depen¬ 
dent  Hamiltonian  evolves  in  time  according  to  the  quantum 
Liouville  equation,  whose  solution  involves  the  coupling  ma¬ 
trix  elements  between  the  affinity  level  of  the  moving  atom 
with  the  metal  states,  which  are  first  explicitly  expressed  in 
terms  of  the  potential  functions  of  the  ion,  the  metal,  and  the 
interaction  between  them.  These  coupling  matrix  elements 
are  then  converted  to  integrals  involving  the  surface  density 
of  states.  To  facilitate  the  solution  of  the  Liouville  equation  a 
nonlocal  self-energy  is  introduced,  whose  real  and  imaginary 
parts  give  the  time-dependent  broadening  and  shift  of  the 
atomic  affinity  level.  In  the  limit  of  weak  coupling  (local 
interaction )  the  occupation  probability  is  obtained  in  closed 
form.  It  is  argued  that  for  low  incident  energies,  the  velocity 
of  the  ion  must  be  determined  through  considerations  of 
conservation  of  energy,  and  the  usual  constant  velocity  ap¬ 
proximation  is  not  valid.  The  present  treatment  differs  from 
the  usual  approach  in  another  important  aspect:  instead  of 
starting  with  the  Newns-Anderson  Hamiltonian  with  its 
coupling  papameter  chosen  a  priori,  we  evaluate  the  cou¬ 
pling  as  the  matrix  element  of  the  potential  functions  charac¬ 
terizing  the  interacting  metal-atom  system,  without  making 
any  assumption  about  its  form  of  time  dependence.  This  for¬ 
malism  is  applied  to  the  treatment  of  hydrogen  reflection 
from  W(  1 10)  surface,  with  various  Cs  coverages,  simulated 
with  different  surface  work  functions. 

il.  FORMULATION 

The  electron  density  matrix  of  the  metal-atom  system  sat¬ 
isfies  the  Liouville  equation 

/-f- =[///>!.  (l) 

Ot 

where  the  total  one-electron  Hamiltonian  is  given  as  (atomic 
units  are  used  throughout  this  paper,  with  ff  =  e  =  m,  =  1 ) 

H  =  -  i-V2  +  Vm  (x)  +  V.  [x  -  R(r)  1  +  Vm  (a,/). 

(2) 

Here  Vm{x)  is  the  potential  confining  the  metal  electrons 
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inside  the  metal  surface  which  can  be  modeled  as  Fm(x) 
_  Vo.  for  *  >  0,  and  Vm  (x)  ■=  0,  for  z  <0.  However,  the  ac¬ 
tual  expression  of  the  surface  potential  is  not  essential  in  the 
development  of  our  theory.  It  sufficies  that  Vm  approaches  a 
constant  value  (set  to  zero)  deep  inside  the  metai,  and  like¬ 
wise  it  approaches  another  constant  value  (set  to  P0)  f*r 
away  from  the  metal.  Vt  (x  -  R(f) }  is  the  potential  of  the 
H  ~  ion  centered  at  R(<)  which  is  the  position  of  the  center  of 
mass  of  the  atom,  determined  by  classical  law  of  dynamics. 
The  coupling  between  the  affinity  level  and  the  ionization 
level  is  ignored  here,  for  they  are  separated  by  a  large  energy 
(  —  13  eV).  Furthermore,  the  ionization  level  is  generally 
below  the  bottom  of  the  conduction  band,  and  is  therefore 
unlikely  to  be  involved  in  the  charge  exchange  process.  ( It  is 
assumed  that  the  ionization  level  is  occupied  throughout  the 
scattering  event.)  Finally,  represents  the  interac¬ 

tion  of  the  affinity  level  with  the  polarization  charge  on  the 
metal  surface  due  to  the  presence  of  the  H  ~  ion  outside  the 
metal.  This  can  be  simply  expressed  as  a  classical  image  po¬ 
tential 

jjL-,  (3, 

where  b  is  a  screening  length,  and  the  minus  sign  accounts 
for  the  fact  that  the  net  interaction  is  attractive  (due  to  the 
Coulomb  interaction  of  the  electron  on  the  affinity  level  with 
its  own  image). 

Considered  alone,  the  semi-infinite  metal  subsystem  and 
the  H-  ion  subsystem  each  presents  a  well  defined,  solvable 
eigenvalue  problem.  Thus,  for  the  semi-infinite  metal,  we 
have  the  eigenvalue  eigenfunction  |k)  =  wk(x),  of  the 
Hamiltonian  H„  -  -  JV2  +  Vm  (x).  Similarly,  the  atomic 
Hamiltonian  Ha  =  JV2  +  VJx  -  R)  has  the  eigenvalue  e„ 
and  eigenfunction  |a)  =  u,  (x).  Taking  the  matrix  elements 
of  Eq.  ( 1 )  between  the  various  states  jo)  and  |k),  and  em¬ 
ploying  the  overly  complete  set  |/>,i  =  1.2...JV,  with  /'sk  for 
/=  1,2,...,#—  1,  and  i=a  for  i-N,  we  have  (denote 


(a\p\a)  = 

=  P~.etc.) 

d 

®^(  y+Pk*  —  Vk«p*k  )• 

(4) 

.9 

=  [*„  -  f,  (i)  ]Pk.  +  K*  [p~ 

(5) 

and 

-  t*k  - -  y+[p~ 

-/(Ml. 

(6) 

where  =  <k|tf  |o>,  e.  (0  =  ( a\H  |<j>,  and  we  have  as¬ 
sumed  that/?,*  =  f(ek ),  the  equilibrium  Fermi-Dirac  dis¬ 
tribution,  and  have  approximated  (k|/f  jk)  by  f,  To  pro¬ 
ceed,  we  first  eliminate  the  density  matrix  elements  phn  and 
p+.  Integrating  Eq.  (5)  we  obtain 

Pm(0  =A-('o>**p(  dr[f v 

-i  j  dfVu(f)[pm(t‘)  -/(fk)J exp 
xj-/£dt'[eh -€.(t')jj.  (7) 


Similarly,  Eq  (6)  can  be  integrated  to  yield  p{  (r)  in  terms  of 
pm.  These  are  then  inserted  in  Eq.  (4)  to  yield  the  integro. 
differential  equation 

-/(0)«*P  j  -/ j  dt’[(k  -f#(f)jj 

+  Fkj(/)£d/*Kek  (f)[p„{f) 

-/<«a )  ]e*P  j»  j  dt  '[<h  -  e.(t ' )  ]  j  j. 

(8) 

It  is  convenient  to  introduce  a  nonlocal  self-energy2* 
through  the  definition 


£(r,rV-0  =  -«'£  K*(r)Fi(/>""*‘"'-),'-",> 

(9) 

where  we  have  approximated  the  time-dependent  part  of 
e.(r)  by  the  image  potential,  i.e.,  *.(()  =*.  + 
and  have  redefined  the  coupling  matrix  element  as 


=  F*(/)exp[,  J'd/'  Vim  [z(/'))|.  (10) 

Fourier  transform  of  Eq.  (9)  according  to  i-t'—to  yields 

3  Kit&un 

Y(l,t  ;co)=i\ - — -,  (11) 

**  r  to  -  ek  +  e.  +  /  o+ 

which  leads  to  a  nonlocal  broadening  of  the  affinity  level  as 


i 


i 

I 

1 


A(i./»»*-£Kfc(r)P’I(i')«(«-€i  +e.)-  (12) 

k 

A  resonant  charge  transfer  process  involves  only  electronic 
states  of  the  same  energy  [e*  (/)  J.  Thus  to  a  first  ap-  * 

proximation  we  may  replace  f,  by  e,  (/)  in  the  Fermi  func¬ 
tion.  This  results  in  a  simpler  version  of  Eq.  (8): 

=  2  -/>„(/')}. 
at  Jt,, 

(13)  | 

Equation  (13)  is  the  starting  point  of  evaluating  the  occu¬ 
pancy  of  the  affinity  level.  It  is  obvious  that  the  nonlocal  ) 
level  width  of  the  affinity  level  plays  a  central  role  in  the 
determination  of  such  an  occupation  probability.  As  a  gener¬ 
alization  of  the  semidassical  probability  mode),24  Eq.  (13) 
incorporates  all  the  essential  quantum  mechanical  features 
of  the  amplitude  model21  as  well.  In  addition,  the  intrinsic 
nonlocality  and  energy  dependence  of  the  level  width  are 
enbodied  in  this  equation.  It  is  still  a  difficult  task  to  solve 
Eq.  ( 1 3)  in  general.  Numerical  solutions  can  in  principle  be 
obtained  employing  standard  techniques.  In  the  limit  of 
weak  coupling,  however,  the  level  width  becomes  local  in 
time,  A(f,r';f  —  /')  —  A(r)5(r  —  /'),  it  then  follows  that  the 
occupation  probability  satisfies  a  simple  "rate”  equation  of 
the  form 

—P^(t)=2b(t){f  -pm(t)\  (14) 
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whose  solution  is  readily  obtained  through  a  straightforward 
integration  as 


/>-(»)  =/>~(fo>e*p[  -  2  J  dr  A(t)] 

+  ij  dr  unf  [€.«')] 

Xexp[ -2j  dlm  A(f*)]. 


Similar  expressions  have  been  derived  by  a  number  of  au¬ 
thors  with  various  approaches.  20J,~J7  The  first  term  on  the 
right-hand  side  of  Eq  .  ( 1 5 )  describes  the  decay  of  the  affinity 
level  of  an  H  "  ion  already  present  at  while  the  second 
term  accounts  for  the  formation  of  an  H  ”  ion  along  the  tra¬ 
jectory. 

It  remains  to  specify  the  coupling  matrix  element  V ^  (r) 
in  order  to  calculate  the  occupancy  of  the  affinity  level.  Such 
a  matrix  element  is  usually  given  a  pressumed  formIK-J,-IVJI' 
V+(t)  =  K^exp  (  —  yr),  where  y  is  a  parameter  character¬ 
izing  the  decay  of  the  coupling  strength  away  from  the  metal 
surface.  We  shall,  however,  evaluate  the  coupling  matrix  ele¬ 
ment  following  Easa  and  Modinos.27  These  authors  have 
shown  that  the  coupling  matrix  element  can  be  converted  to 
a  surface  integral  at  z  =  0  ( taken  to  be  the  metal  surface)  as 

K„a(0  =Wd  **(“<■  l*  ~R(/),£"f{x) 


-«:(*) -£«.[* -R<0]  06) 

az  Jx  =  o 

For  a  metal  surface  of  perfect  two-dimensional  (2D)  crys¬ 
talline  structure,  the  periodicity  of  the  wave  function  uk  (x) 
in  the  xy  plane  at  z  =  0  makes  it  possible  to  expand  it  in  the 
two-dimensional  (2D)  reciprocal  lattice  vector  G  space: 

M*>-  2  (*)<“* +  8,i.  (‘7) 

s 

where  2D  vectors  (in  the  xy  plane)  are  designated  with  an 
overhead  bar.  The  atomic  wave  function  can  also  be  Fourier 
analyzed 

uJx)  =  '£U.{kj)e‘li.  (18) 

Substituting  Eqs.  ( 1 7 )  and  ( 1 8 )  into  Eq.  ( 1 6 ) ,  we  obtain  the 
coupling  matrix  element 

(l)  -  \  £(«.  [t  +  Gj  —  Z(t ) 


-  "8* ,(*)—  +  G*  -  Z(f)l 
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III.  CALCULATIONS  AND  DISCUSSIONS 

In  our  calculations  we  shall  use  for  the  metal  states  the 
plane- wave  expansion 

|k>  =  A  wi  £  Azl  e'il*Zr forz>0.  (20) 

where  A  is  a  normalization  ar*a,  As i  is  an  expansion  coeffi¬ 
cient,  and  k,  =  (2(F0-f)  +  (* -M7)J],/1.  To  simplify 
calculation  we  shall  keep  the  G  -  0  terms  only,  and  the  ex¬ 


pansion  coefficient  in  Eq.  (20)  is  absorbed  into  the  normali¬ 
zation  constant.  For  the  atomic  wave  function  we  employ7* 

Arr(P  -  a)  \  r  J 
with  a  =  0.2355  a.u.,  &  =  0.7858  a  u.  This  state  has  the 
proper  affinity  level  position  at  e.  =  -0.5al=  -0.75eV, 
measured  from  the  vacuum  level.  With  these  wave  functions 
we  can  now  calculate  the  coupling  matrix  element,  which  is 
then  put  in  Eq.  ( 12)  to  evaluate  the  level  broadening.  In  the 
evaluation  of  Eq.  ( 1 2 )  we  change  the  sum  over  k  to  integra¬ 
tions  according  to 


$-76?  i  d'k 


wher  tp(e,k )  is  the  2D  surface  density  of  states.  This  makes 
it  possible  for  the  present  formalism  to  include  features  asso¬ 
ciated  with  surface  electronic  structures.  However,  in  the 
following  we  shall  employ  the  free-electron  density  of  states 
for  a  constant  step  potential 


p(e,k)= - — V2f  -k\  (23) 

ttV0 

in  order  to  simplify  the  ensuing  computations. 

The  above  formulation  is  applied  to  treat  the  problem  of 
charge  exchange  and  H~  formation  in  the  scattering  of  low 
and  intermediate  energy  hydrogen  from  a  W(  1 10)  surface, 
with  various  coverages  of  Cs,  simulated  by  a  variable  work 
function  d-  The  calculation,  either  using  the  simplified  for¬ 
mula  [Eq.  (15)],  or  starting  from  the  integro-difTerential 
equation  [Eq.  ( 14)  ],  is  straightforward,  except  at  low  inci¬ 
dent  energies.  If  the  incident  energy  is  the  order  of  a  few  eV 
or  lower,  it  is  comparable  with  the  binding  energy  of  the  H  ~ 
ion  with  the  surface.  In  this  case,  the  constant  velocity  ap¬ 
proximation  (z  =  vi,  v  is  the  velocity  of  the  projectile  atom ) 
is  no  longer  valid, 17-19  and  the  atomic  velocity  must  be  deter¬ 
mined  from  considerations  of  energy  conservation.  The  po¬ 
tential  energy  of  the  H  -  ion,  which  is  equal  to  the  energy  of 
the  electron  on  the  affinity  level  („  (z),  plus  the  kinetic  ener¬ 
gy  of  the  moving  ion,  must  be  conserved,  leading  to  a  z  de¬ 
pendent  atomic  velocity  v(z).  Such  a  variable  velocity  effect 
is  most  important  for  incident  energies  close  to  the  difference 
between  the  work  function  d  and  the  affinity  level  (,  (z),  i.e., 
d  —  em  (z).  In  particular,  for  incident  energy  smaller  than 
this  value,  the  kinetic  energy  of  the  ion  falls  to  zero  at  z,  in 
which  case  the  ion  will  be  trapped  to  the  surface.  In  the  zero 
surface  temperature  limit  the  affinity  level  crosses  the  Fermi 
level  at  a  point  zc .  For  z  <  zr ,  the  affinity  level  is  in  resonance 
with  filled  metal  states,  enabling  electron  transfer  from  these 
states  to  the  affinity  level  to  occur.  Once  the  ion  moves  out¬ 
side  of  zc(z>zf ),  the  reverse  process  takes  place,  i.e.,  the 
electron  on  the  affinity  level  can  tunnel  back  to  the  metal. 
Those  ions  that  survive  this  process  at  a  large  distance  from 
the  surface  contribute  to  the  H-  yield.  There  is  a  critical 
incident  energy,  corresponding  to  d  —  f.(zc ),  which  is  the 
minimum  potential  energy  at  the  crossing  point  zc.  Below 
this  energy,  no  ion  can  escape  the  binding  of  the  surface.  Of 
course,  at  finite  surface  temperature  this  cutoff  will  be 
smeared  out  to  encompass  a  finite  width  ~kB  T  about  the 
Fermi  level.  Smearing  also  occurs  as  a  result  of  the  finite 
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lelvel  width  at  t. 

In  our  calculation  wc  take  the  Fermi  energy  to  be  8  eV. 

The  constant  potential  barrier  of  the  metal  surface  V0  is  giv¬ 
en  as  the  sum  of  the  Fermi  energy  and  the  work  function. 
Two  specific  cases  are  considered  here:  A  bare  W(  1 10)  sur¬ 
face  with  work  function  4  =  5.25  eV,  and  a  W(  1 10)  surface 
covered  with  half  of  a  monolayer  of  Cs,  with  a  work  function 
of  1.45  eV.  In  addition  to  the  Fermi  energy  and  the  work 
function,  the  screening  length  that  enters  the  surface  image 
potential  is  another  important  quantity  which  directly  in¬ 
fluences  the  calculated  H "  yield.  For  a  free-electron  like 
metal  surface  this  can  be  taken  as  the  Thomas-Fermi  screen¬ 
ing  length.  However,  for  a  metal  surface  with  adsorbate  cov¬ 
erage  such  a  simple  theory  of  screening  does  not  seem  to  be 
valid.  In  our  numerical  calculation  we  employ  the  value 
b  =  0.8 1  a.u.  for  the  bare  tungsten  surface,37  and  b=  3.2  a. u. 
for  the  cesium  covered  tungsten  surface.36 

Numerical  results  obtained  with  Eq.  ( 1 5 )  are  presented  in 
the  figures.  We  first  examine  the  distance  dependence  of  the 
level  width  of  the  affinity  level.  Such  dependence  for  the  two 
surface  work  functions  is  shown  in  Fig.  I .  The  typical  expo¬ 
nential  dependence  of  the  level  width  on  the  distance  from 
the  surface  is  obvious,  except  at  very  small  distances.  In  the 
latter  case  there  is  some  uncertainty  in  the  actual  form  of  the 
interaction  potential  betw'een  the  affinity  level  and  the  metal 
surface.  An  image  description  at  such  close  distances  can  no 
longer  be  trusted.  A  much  stronger  interaction  (chemical 
reaction )  is  to  be  expected  between  the  atom  and  the  surface. 

We  have  not  attempted  to  incorporate  this  region  into  our 
consideration.  Instead,  we  shall  assume  that  the  turning 
point  ( zQ )  is  outside  this  region  (taken  tobez0  =  2  a.u.),  and 
that  the  occupation  probability  takes  its  equilibrium  value  at 
z0.  In  Fig.  2  we  plot  the  H  '  yield  as  a  function  of  the  incident 
energy  for  a  surface  work  function  of  5.25  eV.  For  compari¬ 
son  we  also  show  here  the  result  of  employing  the  constant 
velocity  approximation.  As  expected,  the  difference  arises 
mainly  for  energy  below  -  4  eV,  where  our  theory  predicts  a 
vanishing  yield,  while  the  constant  velocity  approximation 
leads  to  a  finite  yield.  The  calculated  maximum  yield  of 
about  1%  is  in  agreement  with  previous  predictions.34  Re¬ 
sults  for  the  tungsten  surface  covered  with  cesium  (work 


Fig.  t.  Affinity  levd  width  of  H'  as  a  function  of  the  distance  from  the 
metal  surface.  Solid  tae  bare  tungsten  surface;  Doned  line:  cesium  covered 
fasten  surface. 
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Fig  2  H  yield  as  a  function  of  incident  energy  on  a  bare  tungsten  surface 
Solid  line  variable  velocity;  Dotted  line:  constant  velocity 

function  1.45  eV)  are  depicted  in  Fig.  3.  Again,  thediffemce 
of  employing  the  constant  velocity  approximation  from  that 
of  a  variable  velocity  calculation  is  most  significant  for  ener¬ 
gies  below  about  0.7  eV:  the  former  leads  to  a  yield  of 
~4U%,  while  the  latter  gives  zero.  The  maximum  (about 
60% )  yield  obtains  for  both  curves  at  a  few  eV,  in  agreement 
with  both  earlier  predictions34  and  experiments.6'14  Finally, 
we  exhibit  the  effect  of  the  target  temperature  on  the  H~ 
yield  in  Fig.  4,  where  the  yield  as  a  function  of  incident  ener¬ 
gy  lor  different  surface  temperatures  are  plotted. 

To  summarize,  we  have  developed  a  theory  of  charge 
transfer  in  the  reflection  of  hydrogen  atoms  from  a  metal 
surface  based  on  an  analysis  of  the  time  development  of  the  | 
electron  density  matrix.  Our  numerical  examples  using  a 
simple  version  of  the  theory  showed  good  agreement  with 
other  theories  and  existing  experimental  data.  We  have  not 
attempted  to  incorporate  fully  all  the  features  of  the  theory 
in  our  sample  calculation,  such  as  the  surface  electronic 
structure,  realistic  metal  band  structures,  as  well  as  the  non-  1 
local  interaction  of  the  atom  with  the  metal  surface.  We  be¬ 
lieve  that  in  order  to  achieve  a  quantitative  understanding  of 
the  charge  transfer  process  such  complications  are  unavoid¬ 
able.  That  is  to  say  the  integro-differential  equation  (Eq.  13) 
must  be  solved  without  the  various  approximations  made  in 
this  note.  Finally,  it  should  be  pointed  out  that  the  screening  | 
length  in  the  image  potential  is  still  a  free  parameter  at  the 
present  level  of  theoretical  understanding,  especially  for  ad-  | 


E(eV) 


Fig.  3.  H  '  yield  u  1  function  of  incident  energy  on  •  cesium  covered  tung¬ 
sten  surface.  Solid  line  variable  velocity;  Dotted  line:  constant  velocity. 
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Fie  4  H  yield  as  a  function  of  incident  energy  on  a  cesium  covered  tung¬ 
sten  surface  for  different  surface  temperatures  Solid  line  T  =  500  K;  Dot¬ 
ted  line  T  =  0  K 

sorbate  covered  metal  surfaces.  This  certainly  leaves  much 
to  be  desired.  A  more  satisfactory  theory  should  perhaps 
generate  such  screening  characteristics  from  a  self-consis¬ 
tent  treatment  of  the  many-elcctron  system,  incorporating 
the  necessary  modifications  brought  about  by  the  presence 
of  the  adsorbates. 
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ABSTRACT 

Hyperthermal  atomic  hydrogen  of  energy  in  the  range  of 
1-10  eV  has  been  produced  by  electron  impact  dissociation  in 
a  CW  2.45  GHz  microwave  ECR  discharge  using  a  Lisitano-Coil . 
The  flux  and  the  energy  of  the  hydrogen  atoms  have  been 
measured  by  negative  surface  ionization  of  the  atoms 
backscattered  from  pure  and  cesiated  metal  surfaces.  The 
temperature  of  the  H~  ions  has  been  estimated  by  measuring 
the  parallel  energy  spread  of  the  H"  ions  leaving  the 
surface  in  a  uniform  magnetic  field.  A  temperature  of  4-5  eV 
has  been  obtained.  A  hyperthermal  atomic  hydrogen  flux 
density  eguivalent  to  more  than  0.5  A/cm2  has  been  produced 
for  420  watts  discharge  power  under  CW  condition.  The 
hyperthermal  hydrogen  atoms  constitute  a  major  source  of 
primary  particles  for  surface  production  of  H"  ions.  These 
hydrogen  atoms  can  be  directed  onto  an  external  converter 
located  outside  the  discharge.  This  opens  up  new 
possibilities  for  H"  ion  source  design. 
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Hydrogen  and  deuterium  negative  ion  sources  have 
received  much  attention  during  the  past  few  decades.  Such 
sources  may  be  used  for  the  production  of  intense  neutral 
beams  for  plasma  heating,  current  drive  and  diagnostic 
purposes  in  Tokamaks.  Negative  ion  beams  may  also  be  used  in 
tandem  and  cyclotron  accelerators  and  synchrotrons.1'2 

It  is  well  known  that  H"  ions  can  be  produced  by 
backscattering  protons  or  neutral  atoms  from  low  work 
function  surfaces.3'4  Previous  experiments  had  been  done 
with  protons5'6  or  thermal  hydrogen  atoms.7'8  In  this  work, 
we  have  investigated  the  surface  production  of  H-  ions  by 
backscattering  hyperthermal  hydrogen  atoms  produced  in  a 
discharge  by  electron  impact  dissociation.  The  following  two 
reactions  are  the  major  source  of  hyperthermal  hydrogen 
atoms  in  a  plasma;9 

H2  +  e'  ->  H2*  (b3Su+,C3*u,  a3Sg+)  +  e“  ->  2H  +  e“  (1) 

H2+  +  e"  ->  H2+*  (2pau)  +  e”  ->  H+  +  H  +  e~.  (2) 

Electron  impact  excitation  of  the  ground  state  molecule 
(X1Eg+)  to  the  lowest  triplet  state  (b3£u+)  has  been  known 
to  lead  to  the  production  of  a  pair  of  ground  state  atomic 
hydrogens  with  minimum  translational  energy  of  2.2  eV.  The 
electronic  excitation  of  the  ground  state  H2+  ion  results 
in  dissociation  to  a  proton  and  a  hydrogen  atom  with  even 
higher  energy  (  >5  eV)  under  similar  conditions.  The 
reaction  rates (<ajVi>)  for  the  above  processes  were 
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calculated  for  electrons  with  a  Maxwellian  energy 
distribution. 10  ' 11 


We  have  built  a  source  of  hyperthermal  hydrogen  atoms 
using  a  CW  2.45  GHz  Lisitano-Coil12  Microwave  Electron 
Cyclotron  Resonance  hydrogen  discharge.  The  structure 
consists  of  an  interdigital  transmission  line  slotted  on  a 
3.5  cm  diameter  copper  tube  which  is  surrounded  by  an  outer 
coaxial  cylinder.  Microwave  power  is  fed  by  a  vacuum  sealed 
coaxial  transmission  line.  The  slotted-line  structure  is  a 
broad  band  cavity  supporting  slow-waves  which  interact 
strongly  with  plasma  electrons.13 

The  experiment  consists  of  a  vacuum  chamber  pumped  with 
a  1100  1/s  turbo-pump  (base  pressure  1.5xl0-8  Torr),  8 
modules  of  water-cooled  electromagnets  (10"  ID,  24"  OD) ,  a 
CW  500  watt  variable  power  microwave  source,  and  a  gas  flow 
meter  along  with  a  baratron.  A  detailed  description  of  the 
experiment  will  be  given  elsewhere. 

The  chamber  is  divided  into  two  regions,  the  plasma 

region  and  the  analysis  region  which  includes  the  converter 

(Fig.l).  The  plasma  is  contained  in  a  fused  quartz  tube.  The 

hyperthermal  hydrogen  atoms  produced  in  the  discharge  region 

effuse  through  an  aperture  (0.4  cm  I.D.  by  1.4  cm  long)  in 

the  fused  quartz  plasma  chamber  ,  and  are  scattered  from  a 

converter  surface  consisting  of  a  clean  or  cesiated 
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molybdenum.  The  work  function  of  the  cesiated  Mo  surface  was 
independently  obtained  from  photoelectric  threshold 
measurement  with  a  tunable  light  source.  Work  functions  as 
low  as  1.55  eV  were  obtained  using  a  Cs  dispenser.  Although 
the  work  function  was  not  measured  during  the  experiment, 
the  converter  coverage  was  optimized  for  maximum  H“  ion 
signal.  The  Mo  converter  was  chemically  cleaned  and  then 
thermally  heated  in  vacuum  to  1000  °C  for  20  minutes  prior 
to  the  experiment.  Two  sets  of  electrostatic  deflector 
plates  are  installed  immediately  after  the  exit  aperture  to 
remove  the  charged  particles  ( e" ,H+ ,H2+ ,H3+)  which  may 
diffuse  across  the  magnetic  field.  The  H“  ions  produced  on 
the  converter  surface  are  accelerated  in  a  planar  diode  with 
a  1mm  gap.  The  anode  is  a  fine  mesh  and  the  cathode  is  the 
converter  made  of  a  spring  loaded  Mo  ribbon,  l  cm  wide  and 
10  cm  long.  The  fully  accelerated  H"  ions  gyrate  across  the 
homogeneous  magnetic  field  (-875  Gauss)  with  Larmor  radius 
and  pass  through  a  narrow  slit  aperture  (0.05  cm  wide  and  1 
cm  long)  mounted  directly  onto  the  Faraday  Cup  (Fig.l). 

As  shown  in  Fig. 2,  H"  ions  with  the  same  parallel 
energy  (parallel  to  the  converter  surface)  are  geometrically 
focussed,  and  ions  with  different  parallel  energy  are 
defocussed  in  the  aperture  plane.  The  slit  width  gives  an 
energy  resolution  of  AE  <0.4  eV.  The  beam  spread  width  in 
the  slit,  W,  was  calculated  based  on  the  orbital  equation  of 
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charged  particles  in  a  homogeneous  magnetic  field  including 
ExB  drift  in  the  acceleration  region,  which  is  given  by 

W  «  2rLsin(0) ,  (3) 

where  rL=144,/u/B,  Q-arctanV ( Ep ( e V ) /U ( eV ) ) .  Ep  is  the 
parallel  energy  of  the  H“  ions  (parallel  to  the  converter 
surface)  ,and  U  is  the  extraction  energy  of  H-  ions.  For 
small  0,  W  *  2xl447(Ep(eV) )/B  independent  of  extraction 
energy.  Since  the  beam  spread  is  nearly  independent  of  the 
extraction  energy,  one  can  obtain  a  distribution  in  parallel 
energy  by  scanning  the  extraction  energy  and  holding  the 
Faraday  Cup  with  the  slit  in  a  fixed  position.  Fig. 3  shows 
the  definition  of  the  angles  and  relationship  of  H“  ion  exit 
angle  to  parallel  energy. 

The  H"  ion  current  measured  directly  from  the  converter 
has  been  compared  with  the  Faraday  cup  current  integrated 
over  the  distribution.  Here,  the  secondary  and  exo-electrons 
have  been  suppressed  by  the  strong  magnetic  field  (~  875 
Gauss).  This  was  confirmed  by  photo-electric  current  and 
thermionic  emission  current  measurements.  The  measured  total 
H~  ion  current  leaving  the  cesiated  surface,  I^H"),  for  420 
watts  microwave  power  and  9  seem  hydrogen  gas  flow  rate 
(3xl0“4  Torr  chamber  pressure)  is  0.125  mA.  If  the  converter 
was  located  on  the  wall  of  the  quartz  tube,  the 
corresponding  H“  ion  current  density  would  be  J(H")  =  127 
mA/cra2.  This  calculation  is  based  on  the  following 
relationship: 
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J(H")  «  1 1  ( H“ )  X  ( JT/fl )  /A , 


(4) 


where  n  is  the  solid  angle  subtended  by  the  converter  at  the 
exit  aperture  (0.025  steradian),  and  A  is  the  area  of  the 
exit  aperture  (0.125  cm2).  In  this  calculation,  we  have 
ignored  the  contribution  of  the  tube  wall,  since  the  solid 
angle  subtended  by  the  converter, n,  is  smaller  than  the 
geometric  solid  angle  of  the  tube.14  The  hyperthermal  atomic 
hydrogen  flux  density  can  be  estimated  by  knowing  the  value 
of  the  H“  ion  yield.  The  total  H“  ion  yield  can  be  expressed 
by 

<Y(kT)>  =  F(E)Yi(E)dE.  (5) 

*  O 

For  a  Maxwellian  distribution, 

<Y(kT)>  =  (2/*)(l/kT)3/2  )  E1/2Yi(E)e“E/kTdE,  (6) 

'O 

where  F(E)  is  the  energy  distribution  of  the  incident  atomic 
hydrogen  beam  with  temperature  T,  and  YjJE)  is  the  H”  ion 
yield  as  a  function  of  the  perpendicular  energy  of  the 
backscattered  atom.  Therefore,  the  total  H”  ion  yield  is  the 
convolution  of  the  energy  distribution  and  the  H~  ion  yield. 
Fig. 4  shows  the  calculated  total  H"  ion  yield  for  the 
temperature  range  of  0.1  eV  -  10  eV,  using  the  theoretical 
yield  Yi(E)  calculated  by  Cui15  for  a  work  function  of  1.45 
eV.  This  yield  curve  is  in  excellent  agreement  with  the 
experimental  results  for  backscattering  thermal  hydrogen 
atoms.8  From  this  curve  we  can  estimate  that  the  total  H” 
ion  yield  is  about  25  %  for  a  temperature  of  5  eV.  This 
gives  a  flux  density  of  0.5  A/cm2  equivalent  corresponding 
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to  hyperthermal  hydrogen  atoms  impinging  onto  the  guartz 
tube  wall  with  energy  exceeding  Em^n  (~1  eV) . 

The  estimated  temperature  of  5  eV  follows  from 
measurements  of  parallel  energy  distribution,  rig. 5  shows 
typical  data  for  the  H"  ion  signal  passing  through  the  slit 
as  a  function  of  the  parallel  energy,  Ep  in  eV,  for  the 
clean  polycrystalline  Mo  and  for  the  cesiated  Mo  converter. 
Here,  only  the  data  for  low  power  case  is  shown  due  to  the 
space  charge  spread.  For  high  microwave  power  and  cesiated 
converter  surface,  the  H“  ion  current  density  is  high  enough 
to  cause  space  charge  spread  of  the  beam  which  redistributes 
the  momentum  components  of  the  H“  ions  along  their 
trajectories.  As  the  surface  gets  cesiated  (work  function 
gets  lower),  the  H“  ion  current  increases  by  2-3  orders  of 
magnitude.  The  scattering  angle  can  be  directly  converted  to 
the  parallel  energy  using  the  relationship, 

Ep( eV)=E  tan26,  (6) 

where  E(eV)  is  the  total  energy  of  the  H"  ion.  The  tails  of 
the  H“  ion  parallel  energy  distribution  carry  the 
information  of  maximum  atom  energy  (-10  eV)  since  an 
individual  atom  may  experience  'local  specular  reflection' 
with  small  energy  loss.  The  shape  of  the  parallel  energy 
distribution  of  the  H“  ions  closely  follows  a  Maxwellian 
distribution  with  an  average  temperature  of  4-5  eV. 
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It  was  shown  previously  that  atomic  hydrogen  becomes 
the  dominant  neutral  component  as  the  input  power  to  the 
discharge  becomes  larger.10'16  Spectroscopic  measurement  of 
temperature  and  density  in  the  Los  Alamos  Penning  surface- 
plasma  source17  shows  that  a  large  fraction  of  the  hydrogen 
is  atomic  hydrogen  (nHo~5xlO  14  cm-3,  -30%  dissociation 

rate)  with  a  temperature  exceeding  1  eV.  This  corresponds  to 
very  large  atomic  hydrogen  flux  density  of  the  order  of  100 
Amps/cm2 .  Historically  atomic  hydrogen  has  been  treated  as  a 
detrimental  particle  in  H“  ion  sources  due  to  its  large 
stripping  cross-section.  However,  in  surface  conversion 
sources,  a  significant  fraction  of  H“  ions  can  be  produced 
by  backscattered  hyperthermal  hydrogen  atoms. 

We  have  produced  hyperthermal  atomic  hydrogen  in  a 

discharge.  The  flux  and  the  energy  of  the  hydrogen  atoms  was 

measured  by  negative  surface  ionization  of  the  backscattered 

atoms.  A  large  hyperthermal  atomic  hydrogen  flux  density 

equivalent  to  more  than  0.5  A/cm2  has  been  generated.  The 

hyperthermal  hydrogen  atoms  car  be  directed  onto  an  external 

converter  located  outside  the  discharge  in  which  the 

converter  can  be  independently  controlled  to  optimize  the 

operating  conditions  without  being  effected  by  the  plasma. 

This  opens  up  new  possibilities  for  H“  ion  source  design.18 

Further  study  is  required  towards  a  better  understanding  of 

the  production  and  loss  mechanism  of  hyperthermal  hydrogen 

atoms  in  a  discharge.  Specifically,  more  data  are  needed  on 
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reactive  collision  processes,  and  on  particle/energy 
reflection  from  various  surfaces. 

This  work  has  been  partially  supported  by  the  Air  Force 
Office  of  Scientific  Research.  We  thank  George  Wohlrab  for 
technical  assistance,  and  expert  machining,  which  made  this 
work  possible. 
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FIGURE  CAPTIONS 


Fig.  1 


Fig.  2 


Fig.  3 


Fig.  4 


Fig.  5 


Experimental  apparatus.  The  system  is  embedded  in  a 
uniform  magnetic  field  B  (~875  Gauss)  generated  by  8 
modules  of  electromagnets  (not  shown). 

H-  ion  trajectories.  H-  ions  with  the  same 
scattering  angle  starting  from  any  point  on  the 
converter  surface  (0.5  cm  wide)  are  focussed  in  the 
aperture  plane.  H-  ions  with  different  angle  are 
defocused.  The  beam  spread  width,  W,  for  a  10° 
scattering  angle  is  0.89  cm  for  875  Gauss  magnetic 
field. . 

Sign  convention  for  angles  (a),  and  relationship  of 
parallel  energy  Ep  and  scattering  angle  e  (b).  es  is 
the  angle  measured  by  magnetic  spectroscopy,  0^  is 
ExB  drift  angle  in  a  planar  diode  with  1  mm  gap. 

Total  H"  ion  yield,  <Y(kT)>,  as  a  function  of  H”  ion 
temperature.  The  values  for  Yi(E)  have  been  taken 
from  Cui  (Ref. 14).  Open  circles  are  the  experimental 
values  from  Ref. 8  for  Cs/Mo  converter. 

H-  ion  current  as  a  function  of  the  parallel  energy 
for  cesiated  (filled  circles)  and  for  uncesiated 
clean  Mo  metal  surface  (open  circles).  The  H-  ion 
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current  passing  through  the  narrow  slit  (0.05  cm 
wide  and  1  cm  long)  is  measured  by  a  Faraday  Cup. 
The  solid  angle  of  the  converter  from  the  atom  exit 
aperture  is  0.025  steradian. 


11 


REFERENCES 


1.  K.H.  Berkner,  R.V.  Pyle,  and  J.W.  Stearns,  Nucl.  Fusion 
15,  249  (1975). 

2.  Production  and  Neutralization  of  Negative  Ions  and 
Beams,  Fourth  Int.  Symposium,  Brookhaven  N.Y.,  (Ed. 
Alessi,  J.A. ) ,  AIP  Conf.  Proc.  No.  158  (1988). 

3.  B.  Rasser,  J.N.H.  van  Wunnik  ,and  J.  Los,  Surf.  Sci. 

118,  697  (1982). 

4.  J.R.  Hiskes  and  P.J.  Schneider,  Phys.  Rev.  B  23,  949 
(1981) . 

5.  P.W.  van  Amersfoort,  J.J.C.  Geer lings,  L.  F.  Tz.  Kwakman 
,  E.H.A.  Graneman  ,and  J.  Los,  J.  Appl.  Phys.  58,  3556 
(1985) . 

6.  J.J.C.  Geerlings,  P.W.  Van  Amersfoort,  L.F.Tz.  Kwakman, 
E.H.A.  Granneman,  J.  Los,  and  J.P.  Gauyacq,  Surf.  Sci. 
157,  151  (1985). 

7.  W.G.  Graham,  Phys.  Lett.  73A,  186  (1979). 

8.  S.T.  Helnychuk,  and  M.  Seidl,  J.  Vac.  Sci.  Technol. 

A9 ( 3 )  ,  1650  (1991). 

9.  H. S.W. Massey ,  in  Electronic  and  Ionic  Impact  Phenomena, 
vol.2  (Oxford  Univ.  Press,  GB,  1969)  Chap. 13,  p877. 

10.  C.F.  Chan,  C.F.  Burrell,  and  W.S.  Cooper,  J.  Appl. 

Phys. 54(11),  6119  (1983). 

11.  0.  Fukumasa,  R.  Itatani,  and  S.  Saeki,  J.  Phys.  D:  Appl. 
Phys.  18,  2433  (1985). 

12.  G.  Lisitano,  Appl.  Phys.  Lett.  16(3),  122  (1970). 


12 


13.  T.H.  Stix,  The  Theory  of  Plasma  Waves  (McGrow-Hill , 
N.Y.,  1962). 

14.  G.  Scoles,  Atomic  and  Molecular  Beam  Methods,  Vol.  1 
(Oxford  Univ.  Press,  N.Y.,  1988),  p.88. 

15.  H.L.  Cui ,  J.  Vac.  Sci.  Technol.  A9,  1823  (1991). 

16.  M.  Bacal,  et.al.,  Proc .  of  the  Third  European  Workshop 
on  Production  and  Application  of  Light  Negative  Ions 

( Netherlands ,  1988 ) . 

17.  H.V.  Smith,  et.al..  Rev.  Sci.  Instrum.  61,  2378  (1990). 

18.  M.  Seidl,  s.T.  Melnychuk,  S.W.  Lee,  and  W.  Carr,  in  AIP 
Proc.  No. 210,  Production  and  Neutralization  of  Negative 
Ions  and  Beams ,  Brookhaven,  N.Y.  1990,  p.776. 


13 


DEFLECTOR  PLATES 


CATHODE 


Total  H  lor  Yield  <Y(kT)>  (%) 


Source  of  Low  Energy  Hydrogen  Ions  for  Measuring 
Electron  Transfer  in  Surface  Scattering  Experiments 


J.  D.  Isenberg,  H.  J.  Kwon,  M.  SeidI 

Department  of  Physics  and  Engineering  Physics 
Stevens  Institute  of  Technology,  Hoboken,  New  Jersey  07030 

Abstract 

We  present  the  design  and  performance  of  a  beamline  which  is  the  source  of  5  - 
50  eV  protons  for  surface  scattering  experiments.  The  beamline  also  incorporates  a 
collector  for  measuring  total  secondary  ion  and  electron  yields.  The  beam  forming 
optics  are  built  around  a  commercially  available  gas  discharge  ion  gun  and  produce  a 
mass  selected,  energy  filtered  beam.  Results  of  computer  ray  tracing  are  included  to 
illustrate  the  operation  of  the  beam  optics.  Tests  have  produced  50  pA  proton 
beams  3.5  mm  wide  at  5  eV  with  an  energy  spread  of  about  1  eV. 
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1.  INTRODUCTION 


An  ion  source  has  been  developed  as  part  of  an  apparatus  for  measuring  electron 
transfer  in  low  energy  (5-50  eV)  hydrogen  ion  scattering  from  low  work  function 
surfaces  at  normal  incidence.  The  current  design  incorporates  both  the  primary  beam 
optics  and  the  secondary  ion  collector. 

Previous  electron  transfer  experiments  have  used  either  thermal  energy  atomic 
beam  sources1  2  or  high  energy  ion  beams  striking  the  target  at  grazing  angles  of 
incidence3  .  Ions  striking  the  target  undergo  Auger  neutralization  and  scattering.  A 
fraction  of  the  back  scattered  neutral  atoms  are  negatively  ionized  through  resonant 
charge  exchange.4 

In  the  atomic  beam  type  of  experiment,  the  incident  particles  are  neutral  hydrogen 
atoms  produced  by  thermal  dissociation  in  an  oven  type  source  and  have  a  Maxwellian 
energy  distribution  with  a  temperature  of  about  0.2  eV.  Since  the  primary  particles 
are  neutral  the  secondaries  can  be  extracted  by  applying  an  electric  field.  The  incident 
flux  cannot  be  measured  directly  but  must  be  deduced  from  gas  flow  or  thermal  flux 
measurements. 

In  the  grazing  incidence  type  experiment,  a  known  flux  of  protons  0(H+)  with 
kinetic  energy  of  order  1  keV  strike  the  target  at  an  oblique  angle  such  that  the 
normal  component  of  the  kinetic  energy  is  small.  Theory  indicates  that  only  the 
normal  component  of  the  incident  proton  energy  is  important  for  electron  transfer5  . 
The  H~  flux  <D(H")  and  the  atomic  flux  <t>(H°)  scattered  at  a  given  angle  are  measured 

independently  to  determine  the  charged  fraction  in  the  scattered  beam.  The  total  yield 
0(H")/0(H+)  has  been  measured  for  cesiated  tungsten  (110)  by  van  Wunnik  et  al,  but 


for  100  -  2000  proton  energies  and  incident  angles  greater  than  70°  with  respect  to  the 
target  normal.6 

To  date  no  experiment  has  directly  measured  the  total  yield,  C>(H")/<1)(H+),  for 
protons  which  strike  the  converter  surface  at  normal  incidence  and  low  energy.  In 
such  an  experiment  all  backscattered  secondary  ions  must  be  collected.  The  ideal 
proton  bean  for  this  experiment  would  have  an  energy  less  than  50  eV  and  a  spread  in 
energy  of  1  eV  or  less. 

2.  DESCRIPTION  OF  THE  EXPERIMENT 

The  experiment  is  installed  in  a  spherical  UHV  chamber  pumped  by  turbo- 
molecular  and  ion  pumps.  The  base  pressure  is  10'10  torr.  In  the  low  energy  ion 
source  (figure  1)  the  ion  beam  produced  by  an  ion  gun  is  mass  separated  by  a  Wien 
filter.  The  mass  selected  beam  is  collimated  by  an  einzel  lens  (electrodes  1,2,3  in 
figure  1), decelerated  and  focused  by  a  four  cylinder  lens  (electrodes  3,4,5,6)  into  a 
Bessel  box  energy  filter  (electrodes  6,7,8).  The  energy  selected  beam  is  focused  onto 
the  target  by  an  einzel  lens  (electrodes  8,9,10)  through  an  aperture  in  the  collector 
(electrode  11)  and  strike  the  target  near  normal  incidence. 

Secondary  ions  and  electrons  are  backscattered  into  the  collector.  A  variable 
magnetic  field  in  the  region  of  the  target  perpendicular  to  the  beam  axis  deflects  the 
electrons  back  to  the  target.  The  current  measured  at  the  target  (1^)  is  equal  to  the 
sum  of  the  currents  due  to  protons  striking  it  and  negative  ions  and  electrons  leaving 
it.  Since  the  collector  current  (Icoll)  is  the  total  secondary  current,  the  proton  current 
is  just  (Ifc,.  -  IcoU)  and  the  H"  and  electron  yields  can  be  determined  directly  from  1^ 
and  measurements  taken  with  the  magnetic  field  on  and  off. 


Two  ion  ray  tracing  programs,  SIMION7  and  EGUN",  were  used  to  evaluate  the 
design  of  the  ion  optics.  Both  calculate  the  electric  field  for  a  given  array  of 
electrodes  by  iteratively  solving  the  Laplace  equation  with  the  electrode  potentials  as 
boundary  conditions.  The  ion  trajectories  are  then  calculated  from  the  fields  and 
initial  conditions.  EGUN  simulates  space  charge  forces  by  solving  Poisson’s  equation 
for  the  charge  in  the  beam.  This  solution  is  added  to  the  solution  due  to  the  electrodes 
and  the  trajectories  recalculated.  Both  programs  were  used  to  model  the  Beamline 
from  the  middle  of  the  field  free  region  following  the  Wien  filter.  For  initial 
conditions  it  was  assumed  that  the  beam  from  the  Wien  filter  is  monoenergetic, 
collimated,  and  has  a  diameter  of  3mm  defined  by  the  exit  aperture  of  the  Wien  filter. 

Ion  trajectories  were  first  plotted  with  SIMION  (figure  2).  The  electrode  voltages 
were  adjusted  to  optimize  the  beam  to  the  target.  The  optimized  voltages  were  then 
used  in  EGUN  to  compare  the  results  and  check  the  effects  of  space  charge.  For  the 
typical  beam  currents  used  (<10nA)  space  charge  effects  were  negligible.  The  ray 
tracing  results  are  used  as  a  guide  to  setting  the  electrode  voltages  when  the  beamline 
is  in  operation. 

3.  SOURCE  AND  SYSTEM  OPTICS  DESIGN 

Ion  Gun 

Hydrogen  gas  is  ionized  by  a  hot  cathode  electron  bombardment  source  in  a 
commercially  available  ion  gun9.  The  source  is  differentially  pumped  by  a  turbo 
molecular  pump  to  reduce  the  gas  load  to  the  chamber.  The  source  pressure  is 
roughly  100  times  greater  than  the  chamber  pressure.  The  cathode  is  a  circular 
tungsten  filament  which  is  ohmically  heated.  The  filament  surrounds  a  cylindrical 


grid  anode.  The  grid  is  mounted  to  a  disk  with  small  aperture  in  it.  Ions  are 
extracted  through  the  aperture  by  the  voltage  between  it  and  the  extractor.  Two  einzel 
lenses  collimate  the  ions  into  the  entrance  aperture  to  the  mass  filter.  For  low  energy 
operation,  negative  bias  voltage  is  applied  to  the  gun  power  supply  such  that 
anode  potential  E0  is  a  few  volts  positive  with  respect  to  ground  and  the  gun  optics 
about  500  volts  negative.  The  final  beam  energy  is  determined  by  the  potential 
difference  between  the  plasma  potential  in  the  ionization  region  within  the  grid  and 
the  grounded  ,.irget.  The  energy  of  ions  at  the  entrance  to  the  beamline  optics  is 
determined  by  E0  -  V^. 

The  production  of  H+  ions  by  electron  bombardment  is  a  complicated  process 
involving  many  different  types  of  reactions.  Reaction  cross  section  data  reveal  that 
the  production  rate  is  dominated  by  a  two  stage  process  involving  the  reactions: 

H2  +  e'  — »  +  2e"  (molecular  ionization)  (1) 

«2++  e'  — »  H  +  H+  +  2e~  (dissociative  ionization)  (2) 

The  cross  section  for  the  first  reaction  peaks  between  50  and  60  eV10  and  the 
second  at  about  3  eV.“  To  enhance  the  production  of  H+  ions  a  cusped  magnetic  field 
was  produced  in  the  vicinity  of  the  extraction  aperture  on  the  ion  gun  by  the  opposed 
fields  of  two  coils.  The  axial  component  of  the  field  is  approximately  50  gauss  near 
the  center  of  either  coil  and  zero  between  them.  The  cusped  magnetic  field  confines 
the  slow  electrons  to  the  region  of  the  extraction  cathode.  Below  10"6  torr  of 
chamber  pressure  the  effect  is  dramatic,  almost  an  order  of  magnitude  increase  in  H+ 
current  with  the  confinement  coils  on.  For  chamber  pressures  above  2  x  10'6  torr  the 
confinement  field  has  little  effect. 


Mass  Filter 

The  theory  of  the  Wien  filter  is  well  known  and  has  been  described  in  detail 
elsewhere.12  Our  Wien  filter  consists  of  two  parallel,  isolated,  rectangular  electric 
field  plates  made  of  stainless  steel  mounted  perpendicular  to  two  magnetic  pole  pieces 
made  of  soft  iron  machined  to  fit  inside  a  3.8  cm  diameter  tube.  The  magnetic  flux 
is  confined  by  a  soft  iron  yoke  with  pole  pieces  machined  to  fit  the  outside  of  the  tube. 
The  magnetic  field  is  provided  by  two  coils  of  about  800  turns  each.  The  field  plates 
are  surrounded  by  a  shield  held  at  Vbcani.  Voltages  are  applied  between  the  field  plates 
such  that  the  potential  halfway  between  them  is  Vbcam. 

Deceleration 

Ions  which  transit  the  Wien  filter  are  collimated  by  a  three  tube  einzel  lens 
(electrodes  1,2,3)  which  corrects  the  weak  focusing  effect  of  the  Wien  filter.  The 
collimated  beam  is  then  decelerated  by  an  asymmetric  4  cylinder  lens.  Charge 
density  method  calculations  of  the  potential  distribution,  focal  properties,  and 
aberration  coefficients  of  both  types  of  lens  have  been  done  in  the  past.1314 

The  4  electrode  decelerating  lens  consists  of  a  drift  tube  (electrode  3)  held  at  the 
ion  beam  potential,  two  short  focus  tubes  (electrodes  4  and  5)  at  adjustable  potentials 
and  a  grounded  cup  with  a  small  aperture  (electrode  6).  The  aperture  in  this  element 
serves  as  the  entrance  aperture  for  the  Bessel  Box.  Two  adjustable  potentials  are 
required  so  that  both  the  image  position  and  the  angular  magnification  can  be  kept 
constant  as  the  ratio  of  final  to  initial  ion  energy  is  varied.15  This  is  necessary 
because  the  Bessel  Box  requires  a  fixed  object  distance  and  angular  divergence  at  all 
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ion  energies  for  optimum  transmission.  Calculations  done  for  the  four  element  lens, 
operating  in  the  retarding  mode,  have  shown  that  the  spherical  aberration  coefficient 
increases  as  the  ratio  between  the  initial  and  final  energies  increases. 

Energy  Filter 

The  Bessel  box  type  energy  filter  has  a  large  angle  of  acceptance  and  high 
resolution.16  The  one  used  in  our  beamline  consisted  of  a  tube  shaped  electrode  with 
a  central  stop  (electrode  7)  and  two  disk  shaped  endplates  with  apertures  (electrodes  6 
and  8).  Both  endplates  are  held  at  the  same  fixed  potential  and  a  retarding  potential 
Vbb  is  applied  to  the  tube  and  stop.  The  equipotentials  for  this  electrode  geometry  are 
Bessel  functions,  hence  the  name.  The  central  stop  blocks  energetic  ions  traveling 
along  the  axis  and  fast  neutral  particles  created  in  the  discharge. 

Ions  entering  the  Bessel  box  through  the  aperture  in  the  first  endplate  are  slowed 
down  by  axial  component  of  the  retarding  field  and  deflected  away  from  the  axis  by 
the  radial  component.  Ions  with  kinetic  energy  less  than  the  voltage  between  the 
endplates  and  tube  are  reflected  by  the  retarding  field.  Ions  with  sufficient  kinetic 
energy  to  overcome  the  retarding  potential  are  accelerated  towards  the  second 
endplate.  If  the  kinetic  energy  of  these  ions  is  too  great,  the  radial  fields  are  not 
sufficient  to  focus  them  towards  the  aperture. 

Only  ions  in  a  narrow  range  of  energies  will  be  transmitted  through  the  second 
aperture.  The  energy  range,  or  bandwidth,  of  the  Bessel  Box  depends  on  the  ratio  of 
tube  length  to  tube  diameter17  and  the  diameter  of  the  stop  and  apertures.  Naturally, 
the  smaller  the  energy  bandwidth,  the  lower  the  transmission. 

SIMION  ray  tracing  plots  showed  that  the  focusing  properties  of  the  Bessel  box  are 
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quite  strong.  Typically,  the  Bessel  box  focuses  the  ions  a  few  millimeters  from  the 
exit  aperture.  To  image  the  beam  onto  the  target  a  few  centimeters  away,  the  ions 
selected  by  the  Bessel  box  have  to  be  focused  by  an  einzel  lens  of  relatively  short  focal 
length  and  low  chromatic  and  spherical  aberration  coefficients.  The  final  lens 
(electrodes  6,  7,  and  8)  is  a  modification  of  one  designed  by  Orloff  and  Swanson18. 

Collector 

The  collector  is  surrounded  by  a  grounded  shield  fixed  to  the  exit  aperture  mount. 
The  collector  extends  to  within  2  mm  of  the  target  to  insure  the  maximum  collecting 
angle  with  the  target  plane  set  normal  to  the  beam  axis.  The  incident  protons  pass 
through  an  aperture  in  the  bottom  of  the  cup.  This  aperture  is  smaller  than  the  exit 
aperture  in  electrode  10  so  that  no  protons  strike  the  collector.  A  shielded  coaxial 
cable  carries  the  secondary  signal  from  the  collector  to  a  Keithly  614  electrometer. 

Secondary  electrons,  produced  by  Auger  neutralization  of  the  protons,  also  strike 
the  collector.  A  magnetic  field  of  about  25  gauss,  produced  by  a  pair  of  Helmholtz 
coils,  is  sufficient  to  deflect  these  electrons  without  affecting  the  H"  ions.  The 
diameter  of  the  collector  (1.9cm)  was  chosen  to  be  larger  than  the  Larmor  radius  for 
10  eV  electrons  in  a  25  gauss  field  (about  0.7  cm).  The  beamline  itself  is  magnetically 
shielded  by  a  shroud  of  p-metal  to  prevent  the  field  from  perturbing  the  incident 
beam  in  regions  of  the  beamline  where  the  ion  velocity  is  low. 

A  molybdenum  plate  with  a  large  circular  aperture  was  mounted  1.3  mm  in  front 
of  the  target.  This  plate  was  used  to  align  the  beam  on  the  center  of  the  target.  In 
addition,  biasing  the  plate  positive  or  the  target  negative  produced  an  electric  field 
between  the  target  and  the  plate  which  extracted  negative  ions  and  electrons  through 
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the  hole  in  the  plate.  By  biasing  the  target  and  plate  to  a  sufficiently  large  positive 
voltage  the  incident  protons  could  be  reflected  back  into  the  collector  to  verify  the 
incident  current. 

4.  BEAMLINE  PERFORMANCE 

Initial  measurements  of  the  ion  current  from  the  ion  gun  were  done  by  applying  a 
300  gauss  magnetic  field  to  the  Wien  filter  and  no  voltage  on  the  the  field  plates.  Ions 
from  the  gun  were  deflected  by  the  magnetic  field  onto  one  of  the  field  plates. 
Measurements  done  at  Eo=550V  with  Vbcam=  0  and  chamber  pressure  of  5X10"6  torr 
obtained  total  ion  currents  of  6|iA. 

The  mass  composition  of  the  beam  was  analyzed  with  the  Wien  filter  for  several 
chamber  pressures  (see  figure  3).  The  magnetic  field  was  300  gauss  and  the  electric 
field  varied  from  0  to  150  volts/cm.  The  beam  current  was  measured  at  electrode  7. 

As  the  chamber  pressure  was  raised  the  H+  current  increased  while  the  H2+  current 

decreased.  No  attempt  was  made  to  optimize  the  H+  production  by  changing  the 
electron  temperature  close  to  the  extraction  aperture. 

The  beam  was  analyzed  with  a  special  Faraday  cup  equipped  with  a  retarding  grid 
energy  analyzer.  Beam  profiles  (figure  4)  were  taken  in  the  Y  and  Z  planes 
perpendicular  to  the  beam  with  the  exit  aperture  of  the  front  lens  9.7  cm  from  the 
entrance  to  the  Faraday  cup.  For  these  measurements  the  chamber  pressure  was  2.0  x 
10-6  torr  and  E0  ranged  from  9.5  eV  to  35.7  eV.  The  focus  was  optimized  for  each 
different  setting  of  E0  by  adjusting  the  Vbb  to  maximize  the  current  and  final  focus 
voltage  to  minimize  the  beam  width.  At  the  optimum  setting,  Vbb  was  always  about  5 
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volts  lower  than  E0.  This  was  attributed  to  the  plasma  potential  in  the  ionization 
region  of  the  source  being  slightly  negative  with  respect  to  the  grid  (anode)  due  to 
high  secondary  electron  emission  at  the  grid19. 

At  EQ=35.7  eV  a  140  pA  beam  diameter  at  the  target  was  about  3.0  mm  in  in  the  Y 
and  Z  directions.  This  implies  a  circular  beam  cross  section  and  a  current  density  of 

about  2  nA/cm^.  Using  the  exit  aperture  diameter  of  2.3  mm  and  the  exit  aperture  - 

target  distance  of  3.8  cm  we  calculate  a  beam  divergence  half  angle  of  about  0.5°. 

The  current  of  the  focused  beam  decreased  to  50  pA  as  the  E0  was  reduced  to  9.5  eV. 

Energy  distributions  (figure  5)  were  obtained  by  differentiating  plots  of  cup 
current  versus  retarding  grid  voltage.  For  all  distributions,  the  voltage  at  which  the 
peak  in  the  distribution  occurred  corresponded  closely  to  Vbb.  All  the  distributions 
showed  an  energy  spread  of  about  1.0  volt,  independent  of  the  final  ion  energy. 


5.  H-  REFLECTION 

Colie..  tor  and  target  currents  were  measured  as  functions  of  the  magnetic  field  for 
cesiated  and  uncesiated  silicon  (100)  targets.  The  behavior  of  the  target  current  was 
very  dependent  on  focusing.  When  the  beam  was  properly  focused  and  Vbb  was 
slightly  higher  than  E0,  the  target  current  was  essentially  independent  of  magnetic 
field. 

At  zero  magnetic  field  and  -2  volts  target  bias,  the  collector  current  was  mostly 
due  to  secondary  electrons.  These  were  suppressed  as  the  magnetic  field  was 


increased  (see  Figure  6).  As  the  magnetic  Field  was  raised  above  25  gauss,  the 
collector  current  leveled  off. 

As  a  test  of  the  experimental  apparatus,  H"  yield  data  were  taken  for  a  silicon  (100) 
target  without  sputter  cleaning  or  heating  to  remove  the  oxide  coating  the  surface.  The 
incident  proton  energies  Ep  were  50,  20  and  15  eV.  The  H“  yield  was  just  { ^con/(Itar' 
Icon)},  for  B=30  gauss.  Figure  7  shows  a  plot  of  H"  yield  as  a  function  of  collector 
bias  for  Ep=50  eV.  A  positive  collector  balances  the  effect  of  the  contact  potential 
between  the  target  and  collector.  The  yield  increased  as  the  collector  bias  was  made 
more  positive  until  about  1  volt  where  it  leveled  off  at  about  1%.  The  target  was 
grounded  and  collector  biased  +2  V  for  these  yield  measurements.  The  yield 
decreased  to  0.27%  for  Ep  =20  eV  and  was  too  small  to  be  distinguished  from  the 
noise  level  at  Ep  =15  eV.  The  results  are  of  the  same  order  as  yield  calculations  for 

hydrogen  atoms  on  tungsten.20  Van  Toledo’s  measurements  of  H"  yields  for  protons 

scattered  from  a  clean  tungsten  (110)  surface  of  gave  0.3%  at  25  eV  and  1%  at  50 
eV.21 

As  expected,  H”  yields  were  higher  for  the  cesiated  silicon  target.  For  these 
measurements  the  collector  was  grounded  and  the  target  biased  -2  volts.  The  silicon 
target  was  bombarded  with  500  eV  cesium  ions  at  a  flux  of  about  5  p.A/cm2  to  sputter 
clean  it  and  lower  the  work  function  <I>  before  each  series  of  yield  measurements.  The 
dose  of  cesium  ions  to  the  target  was  approximately  1016  /cm2  for  each  set  of 
measurements.  Again,  the  target  was  not  annealed  after  each  set  of  measurements  so 

the  condition  of  the  surface  is  not  well  defined.  H‘  yields  were  measured  for 
different  values  of  the  work  function  <D  with  Ep  fixed.  Work  function  values  were 


obtained  by  measurement  of  photo  emission  onset.  Hie  results,  plotted  in  figure  8, 
were  obtained  for  C>  =  1.50  eV  with  Ep  ranging  from  4  to  to  25  eV.  The  yield  curve 
peaks  at  about  10  eV  and  tails  off  as  the  incident  energy  is  increased.  These  results 
are  not  definitive  and  should  be  viewed  only  as  test  of  the  performance  of  the 
apparatus. 

6.  SUMMARY 

We  have  produced  an  experimental  probe  for  measuring  the  total  H"  yield 
produced  by  surface  ionization  of  5-50  eV  protons.  The  proton  beam  is  normally 
incident,  collimated,  and  nearly  monoenerguic.  Measurements  of  the  H~  and 
secondary  electron  yields  have  been  performed  for  bare  and  cesiated  Si(100).  Future 
experiments  will  be  done  on  clean,  well  defined  surfaces.  In  addition  the  energy 
distribution  of  the  H“  ions  will  be  measured. 
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Solid  State  Cesium  Ion  Gun  For  Ion  Beam  Sputter  Deposition, 
S.I.  Kim,  Y.O.  Ahn,  and  M.  Seidl, 

Dept,  of  Physics  &  Eng.  Physics, 

Stevens  Institute  of  Technology,  Hoboken,  NJ  07030 

A  compact  cesium  ion  gun,  suitable  for  ion  beam  sputter 

deposition  in  high  vacuum  environment,  has  been  developed.  The 
gun  uses  a  solid  state  cesium  ion  source  described  previously. 
This  gun  is  compact,  stable,  and  easy  to  use.  It  requires  none 
of  the  differential  pumping  or  associated  hardware  necessary  in 
designs  using  cesium  vapor  and  porous  tungsten  ionizers.  The  gun 
produces  a  cesium  ion  beam  of  0.2  mA  at  5  keV.  A  beam  diameter 
of  0.2  cm  is  measured  at  a  target  which  is  3  cm  apart  from  the 
exit  aperture  of  the  accelerator  electrode.  The  sputter 

deposition  rate  is  of  the  order  of  100  A/min,  for  several  metal 
targets  such  as  Au,  Cu,  Mo,  W,  and  Ta,  measured  at  4  keV  primary 

Cs+  ion  beam  energy  and  in  a  distance  of  1.5  cm  from  the  target. 

The  life  time  of  this  gun  is  more  than  20  coulombs  of  cesium 
which  corresponds  to  60  hours  of  operation  with  an  extraction 
current  of  0.1  mA. 
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INTRODUCTION 


We  have  developed  a  cesium  ion  gun  suitable  for  ion  beam 
deposition  in  high  vacuum  environment.  The  gun  uses  a  solid 
state  cesium  ion  source  described  previously  [1].  Cesium  ions 
are  chemically  stored  in  a  cylindrical  pellet  made  of  cesium- 
mordenite  solid  electrolyte.  The  emitting  circular  surface  of 
the  pellet  is  coated  with  a  thin  film  of  porous  tungsten.  At  the 
operating  temperature  of  about  1000 °C,  cesium-mordenite  is  a  good 
conductor  of  Cs+  ions.  This  makes  it  possible  to  control  the 
cesium  supply  to  the  emitting  surface  by  a  voltage  applied  across 
the  pellet.  Cesium  ion  emission  occurs  on  the  surface  of  the 
porous  tungsten  emitter  by  surface  ionization.  This  cesium  ion 
source  has  been  used  in  three  types  of  low-current  ion  guns 
developed  for  surface  studies  [ 2  ] .  In  this  paper  we  present  the 
design  and  performance  of  a  high  current  ion  gun  utilizing  the 
solid  state  cesium  ion  source. 

The  ion  gun,  illustrated  in  Fig.l,  consists  of  the 
cylindrical  cesium  ion  source  heated  by  a  tungsten  filament  and 
of  a  Pierce-type  electrode  system.  It  produces  a  cesium  ion  beam 
of  0.2  mA  at  5  kV  extraction  voltage.  More  than  20  coulombs  of 
cesium  ions  can  be  extracted  from  the  small  ion  source  (0.6  cm  in 
diameter  and  1  cm  in  length)  which  can  be  reloaded.  In  order  to 
prevent  contamination  of  the  ion  emitter  by  sputtering  atoms,  the 
ion  beam  is  electrostatically  deflected  onto  an  off-axis  target. 
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The  deposition  is  made  on  the  substrate  which  is  located  1  5  cm 
from  the  target. 

This  sputter  ion  gun  has  several  unique  features  setting  it 
apart  from  the  more  common  gas  source  ion  guns.  Since  it 
requires  no  gas  supply,  it  can  operate  in  high  vacuum  using  a 
moderate  speed  pumping  system  without  differential  pumping  and 
associated  hardware.  The  compact  and  stable  design  is 
significant  in  applications  with  weight  and  size  restrictions, 
such  as  for  space  probes.  In  high  vacuum  operation,  the 
sputtered  atoms  are  not  losing  their  energy  in  gas  collisions. 
They  arrive  on  the  substrate  with  their  full  energy  which  ranges 
from  10  to  100  ev  [3,4].  This  make  it  possible  to  deposit  high 
quality  thin  films  at  low  substrate  temperature.  It  is  known 
that  the  density,  uniformity,  and  structure  of  the  thin  film 
primarily  depends  on  the  energy  of  the  incident  atoms  [5,6]. 
High-resolution  SEM  studies  have  shown  that  ion  beam  sputtering 
produces  films  with  a  better  fine  structure  than  the  other 
techniques,  such  as  plasma  diode  sputtering  or  evaporation  [7]. 
The  sputter  gun  described  in  this  paper  is  particularly  suitable 
for  deposition  of  very  thin  films  on  insulating  specimens  to  be 
used  in  scanning  electron  microscopy  or  scanning  tunneling 
microscopy. 
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DESIGN  Op  THF  ION  GUN 

Following  the  method  of  Pierce  [8],  we  have  designed  the  gun 
to  produce  an  initially  convergent  space-charge  limited  cesium 
ion  beam  of  circular  cross-section  with  a  perveance  P=7xl0-10 
A/v3/2.  The  basic  geometry  of  the  beam  is  shown  in  Fig. 2,  where 
Rg  is  the  radius  of  the  emitting  electrode,  and  Rx  is  the  radius 
of  the  extracting  electrode.  The  beam  emerges  from  the  emitter 
with  a  convergence  angle  6  which  is  reduced  at  the  extraction 
electrode  by  lens  action  of  the  aperture.  Neglecting  for  the 
moment  thermal  effects,  the  beam  reaches  a  minimum  cross-section 
in  a  distance  X,  from  where  on  it  diverges  because  of  space- 
charge  effects.  It  has  been  shown  [8]  that  X  reaches  the  maximum 
value  X=1 . 06  Re  for  Rg/Rx=2.25.  We  wish  to  operate  close  to  this 
value  since  the  beam  has  to  be  transported  as  far  as  possible 
with  minimum  divergence.  The  actual  chosen  design  value  is 
Re/Rx=2.°  which  gives  X/Rg=0.96.  The  convergence  angle  0  follows 
from  the  equation 

P  =  14.67  x  10  “6  (mg/m^)1/2  (l-cose)/(-a)2 

where  P  is  the  perveance,  mg/m^  is  the  ratio  of  electron  to 
cesium  ion  mass,  and  (-at)2  is  0.75.  The  solution  is  0=11 
degrees.  Finally,  to  obtain  the  scale  of  Fig. 2,  we  choose  the 
diameter  of  the  emitter,  de=0.635  cm. 
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The  actual  shape  of  the  Pierce  electrodes  has  been 
determined  with  the  aid  of  the  "E-GUN"  ray-tracing  program  [9] 
which  includes  space-charge  effects.  Fig.  3a  shows  the  computed 
ion  trajectories  which  closely  match  the  design  geometry.  The 
computed  perveance  is  P=5.2xl0”10  A/V3/2.  Fig.  3b  shows  how  the 
temperature  of  the  emitted  ions  affects  the  trajectories,  as 
determined  by  the  E-GUN  program. 

The  deflecting  plates  are  mounted  on  the  extracting 
electrode,  as  shown  in  Fig.l.  Fig. 4  shows  the  ion  trajectories 
as  computed  with  the  SIMION  program  [10].  From  the  output  file 
of  the  EGUN  ray  tracing  code,  the  ray  information  such  as  energy, 
angle,  and  current  of  each  ray  at  a  certain  distance  could  be 
obtained.  The  ray  data  at  a  distance  80  on  Fig.  3b  is  used  for 
the  starting  conditions  on  Fig. 4. 

EVALUATION  OF  THE  GUN 

The  I-V  characteristics  of  ion  emission  is  shown  in  Fig. 5. 
The  emission  current  follows  the  Child-Langmuir  law,  indicating 
space-charge  limited  flow.  The  experimental  perveance  of  5.0x10“ 
10  A/V3/2  is  closely  matched  with  the  computed  value  of  5.2xl0“10 
A/V3/2.  The  cesium  ions  are  supplied  to  the  porous  emitting 
electrode  either  by  the  thermal  leakage  flux  or  by  the  biasing 
current  which  is  due  to  a  voltage  applied  across  the  pellet.  The 
details  of  the  transport  mechanism  of  cesium  ions  were  described 
elsewhere.  [11]  When  there  is  no  biasing  across  the  pellet 
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(dotted  line  with  symbol  o  on  Fig, 5),  the  emission  is  supply- 
limited  at  a  high  extraction  voltage.  At  this  stage,  the 
emission  current  can  be  controlled  by  the  biasing  current  across 
the  pellet.  A  steady  ion  emission  current  could  be  obtained  and 
controlled  using  a  constant  current  supply  for  the  various 
biasing  currents  shown  in  Fig. 5. 

The  beam  size  has  been  measured  against  a  knife  edge  with  a 
Faraday  cup.  The  beam  profile  without  deflection  of  the  beam  has 
not  been  measured  since  the  sputtered  particles  from  the  Faraday 
cup  quickly  deteriorate  the  emitter  surface.  The  cross  section 
of  the  deflected  beam  has  been  measured  by  moving  the  Faraday  cup 
in  the  target  plane.  The  beam  width  of  half  maximum  is  found  to 
be  0.2  cm  in  the  parallel  direction  and  0.4  cm  in  the 
perpendicular  direction  to  the  emitter  plane.  The  distortion  of 
the  beam  is  due  to  the  deflection  as  shown  on  Fig. 4. 

The  deposition  rate  has  been  measured  by  a  crystal  monitor 
located  1.3  cm  from  the  target.  For  Au  target,  the  deposition 
rate  of  360  A/min  has  been  measured  at  3.5  keV  and  0.16  mA  of 
beam  current.  The  deposition  rates  for  several  metal  targets  are 
shown  on  Fig. 6.  The  high  deposition  rate  is  due  to  the  small 
target-substrate  distance.  Deposition  area  depends  on  the 
distance  between  target  and  substrate.  Uniformity  of  the  film 
has  been  measured  with  a  profilometer .  The  thickness  varies  less 
than  25%  over  a  region  about  1.5  cm  in  diameter.  Larger  area 
deposition,  up  to  5  cm,  could  be  done  by  sacrificing  deposition 
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rate  A  compact  ion  beam  sputter  deposition  system  is  now  under 
development. 
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FIGURE  CAPTIONS 


Fig.l.  Schematic  diagram  of  the  solid  state  cesium  ion  gun  for 
sputter  deposition. 

Fig. 2.  Schematic  diagram  of  the  emitter  electrode  design 

Fig. 3.  Computer  calculation  of  ion  trajectories  ( EGUN  code) 

(a)  with  no  thermal  effect, 

(b)  with  thermal  effect  (Temp,  of  the  beam  =  1100°C) 

Fig. 4.  Computer  calculation  of  the  beam  deflection  (SIMION  code) 
(for  3  kev  beam  energy  and  1.5  kv  deflection  voltage) 

Fig. 5.  Cesium  ion  emission  current  vs.  extraction  voltage 

Fig. 6.  Deposition  rate  measured  at  the  substrate,  located  1.3  cm 


from  the  target. 


(a) 


Fig. 3. 
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